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Humidity sensors are essential components in modern technology, spanning applications from
residential appliances to the Internet of Things (IoT). However, conventional commercial sensors are
typically rigid, constrained by narrow relative humidity (%RH) operating ranges, and require complex
fabrication processes. In this study, we present a highly sensitive cubic silicon carbide (3C-SiC)
nanoparticle-based relative humidity sensor, fabricated via serigraphic printing on to 5 mil thick flexible
polyimide (Kapton®) substrate. Devices are tested across a broad humidity range of 10-90%RH at
ambient temperature and their performance is evaluated in a controlled humidity chamber. The sensor
exhibits a robust response of 45.2% R/R,, with a sensitivity of 5.34 Q/%RH, an adsorption time of 18
seconds, and a desorption time of 46 seconds. Additionally, the device demonstrates low hysteresis of
6.5% at 60%RH, with excellent repeatability and stability over 3.5 hours of continuous cycling. To
showcase their potential for real-world applications, the printed sensors are integrated into a
commercial KN95 mask for monitoring respiration parameters, such as respiration rate. This
integration highlights the potential for future exploration in human health monitoring, utilizing fully

printed, low-cost sensing devices.

In recent years, functional printing techniques have gained significant
traction in the fabrication of cost-effective, flexible electronic devices and
sensors. These approaches have enabled the development of straightfor-
ward, additively-manufactured sensor architectures, typically comprising
an active sensing region coupled with metallic interdigitated electrodes
(IDEs) for the measurement of parameters such as humidityl, temperaturez,
and strain’. Among these applications, the detection of relative humidity
(%RH) has garnered considerable attention due to its relevance in a wide
range of industries. Sectors with humidity-sensitive environments, such as
precision agriculture4, healthcare’, and the transportation of high-value
goods®, are ideal candidates for the deployment of low-cost, single-use
humidity sensors.

The fundamental operation of humidity sensors is predicated on the
interaction between water molecules and the active sensing region, leading
to changes in electrical properties that correlate with variations in %RH.
Humidity sensors typically adopt resistive’ or capacitive’ sensing archi-
tectures, with less common designs incorporating calorimetric’ or acoustic'’
principles. Resistive humidity sensors are particularly popular due to their
simplicity, cost-effectiveness, and ease of integration with detection

circuitry'. These sensors operate by detecting changes in the electrical
resistance of a hygroscopic material, which occurs as a result of water
molecule absorption, allowing for the quantification of %RH".

Over the years, various materials have been employed in resistive
humidity sensors, including carbon-based nanomaterials, polymers,
organic semiconductors, metal oxides, and ceramics"***"*'*. While these
materials offer good reproducibility and longevity, they are often con-
strained by narrow humidity operating ranges, slow response times, and
susceptibility to harsh environmental conditions.

Wide bandgap semiconductors, such as ZnO (II-VI), GaN (III-V), and
SiC (IV-1V), have emerged as promising candidates in the field of printed
and flexible electronics”™**. In particular, SiC stands out due to its excep-
tional mechanical strength, chemical inertness, biocompatibility, thermal
stability, and high electron mobility'**’. These properties render SiC suitable
for long-term operation in corrosive, high-temperature, and oxidizing
environments™””. SiC has been explored for resistive humidity sensing
applications in various forms, including crystalline wafers, nanowires, and
nanocomposites” . Moreover, sophisticated fabrication techniques, such
as direct growth and top-down/bottom-up approaches, have been utilized in
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conjunction with transfer and conventional printing methods to produce
complex and expensive devices™.

To the best of our knowledge, SiC nanoparticles have not yet been
employed in the fabrication of fully-printed humidity sensors, despite the
successful production of SiC devices via other deposition and etching
methods”™". In this study, we develop a novel humidity sensor by for-
mulating a low-cost active ink from commercial SiC nanoparticles. The
material properties of this ink are comprehensively characterized using
multiple techniques. We then fabricate a SiC-based humidity sensor by
screen-printing the ink onto IDEs printed with commercial silver ink.
Various SiC loadings and curing times are systematically investigated across
a wide %RH range (10-90%) to optimize sensor performance, minimize
hysteresis, and achieve rapid adsorption/desorption times. The sensing
mechanism is thoroughly examined, and the fabricated devices are inte-
grated into a commercial KN95 facemask to demonstrate their potential for
respiratory monitoring applications.

Experimental section

Materials

Cubic Silicon Carbide (3C-SiC, beta phase, 99+%, 80 nm, cubic) nano-
particles were sourced from US Research Nanomaterials, Inc. (US2022).
Flexible printed circuit (FPC) Kapton®, with a thickness of 0.005 inches, was
obtained from American Durafilm. Loctite” EDAG 725A silver screen
printing paste and Resin SOL725 were procured from Henkel. All materials
were used as received without further modification.

Ink formulation and device fabrication

Precise quantities of 3C-SiC nanoparticles were mixed with the ink vehicle
(SOL725) to achieve solid loading fractions of 20, 30, 40, and 50 wt%. The
powder and ink vehicle were carefully weighed and combined, followed by
thorough dispersion using a planetary mixer (Thinky Mixer Model AR-

Table 1| SiC humidity sensor ink formulations

310). The mixing process involved 3 minutes of mixing and 3 minutes of
degassing, for a total of 6 min, ensuring homogeneity and producing a stable
dispersion with a shelf life exceeding 6 months. A total of 10 grams of ink
was prepared for each formulation, as detailed in Table 1.

Commercial polyimide (Kapton®) substrates were prepared by clean-
ing with 99.9% pure acetone (Millipore Sigma 270725). Both the silver and
SiC humidity sensing inks were printed using a 325-mesh stainless steel
screen, yielding a wet film thickness of approximately 25.4 microns. The
silver paste was printed onto the Kapton substrate using a KEKO P250
automatic screen printer, following an interdigitated finger pattern with a
trace width of 0.5 mm, trace spacing of 0.5 mm, and overall dimensions of
15 mm x 15 mm, as illustrated in Supplementary Fig. 1. The printed silver
electrodes were cured in air at 300°C for 60 min using a Manncorp
(MC301N) reflow oven.

Subsequently, the active SiC-based ink was printed on top of the cured
silver electrodes in a circular format with a diameter of 7.5 mm. The final
sensor architecture was then cured in the reflow oven at 300 °C in air for 60,
120, and 180 min to investigate the effect of curing time on device perfor-
mance. A schematic representation of the printing process is provided
in Fig. 1a.

Characterization methods

Field emission scanning electron microscopy (FE-SEM) was conducted
using a Hitachi SU8230 system equipped with a Bruker FlatQUAD EDS
detector for elemental analysis. X-ray diffraction (XRD) patterns of the SiC
nanopowder were acquired using an Anton Paar - XRDynamics 500 system
with a Copper source. XRD spectra was analysed using the HighScore Plus
software version: 4.6a and PDF-5+4 ICDD database. Raman spectra was
acquired using a WITec alpha300A Raman microspectroscopy system
equipped with a 532 nm green laser. Ultraviolet-visible (UV-Vis) absorption
spectra of the SiC powder were recorded using a Perkin-Elmer Lambda
750 spectrometer. Particle size of the SiC nanoparticles was measured using
a Zetasizer Ultra Particle Size Analyzer (Malvern Panalytical) and via image
processing using software Image J (version: 1.54g). Viscosity of the SiC inks
was measured using a Anton Parr Physica MCR 501 viscometer with the

Ink name SiC nanoparticles (gms) SOL725 (gms) 25 mm diameter spin dle system.
. ystem.
20-Sic 2 8 X-ray photoelectron spectroscopy (XPS) was performed to analyze
S0-SiC 3 7 chemical bonding and oxidation states using an Escalab 250Xi (Thermo
40-SiC 4 6 Fisher Scientific) system with a monochromated Al K,, source operating at
50-SiC 5 5 218.8 W. Thermogravimetric analysis (TGA) was performed to determine
the curing temperature of the SiC ink using a Pyris Diamond TG/DTA
Fig. 1 | Schematic of sensor fabrication and Sque
eg@e

humidity testing setup. a Schematic showing the
screen printing process used to fabricate silver inter-
digitated electrodes followed by printing of the SiC
humidity sensitive ink atop the electrodes (b)
Schematic showing the test setup used to measure
humidity sensor performance including the
humidity test chamber with individual dry and wet
gas mass flow controllers and the multi channel data
acquisition unit.
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Fig. 2 | Characterization of the materials used to fabricate the SiC-based
humidity-sensitive ink. a Thermogravimetric analysis (TGA) of the SOL725 resin
conducted from room temperature to 600 °C, (b) Raman spectroscopy confirming
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the cubic crystalline phase of the SiC nanoparticles, and (c) X-ray diffraction spectra
verifying the cubic phase along with the presence of a hexagonal phase in the as-
received SiC nanoparticles.

system. Conductivity measurements of the printed SiC films were carried
out using an Ossila T2001A3 four-point probe.

The humidity sensors were tested in a controlled humidity and tem-
perature environment using a 6-channel micro-probe station (Nextron®
MPS-PT6C). The two-wire resistance measurements were recorded via a
40-channel digital multimeter (Keithley 2790-L), as depicted in Fig. 1b.
Current-voltage (I-V) characteristics of the thermistors were obtained using
a Keithley DAQ6510 digital multimeter and a Keithley 2400 source-
measure unit (SMU).

Custom MATLAB scripts were developed to process the raw data
extracted from both the humidity test chamber and the digital multimeter.
Breath monitoring experiments were conducted by the second author of this
study, with protocols approved by the ethics review committee at ETS (No.
H20231007). All experiments involving human subjects were performed in
accordance with relevant guidelines and regulations.

Results and discussion

Material characterization and morphology

To optimize device performance, it is essential to ensure the complete
removal of the polymeric resin (SOL725) from the printed films.
Thermogravimetric analysis (TGA) of a 30 wt.% SiC and 70 wt.%
SOL725 ink (Fig. 2a) was conducted between room temperature (23 °C)
and 600 °C in air at a heating rate of 10 °C/min. The analysis shows a
17.5% reduction in sample weight between 30 °C and 200 °C, corre-
sponding to the volatilization of high-volatility components in the ink
vehicle. A further 33.6% weight reduction between 200 °C and 228 °C is

attributed to the burning off of low-volatility components in the resin.
An additional 9.5% reduction in weight is observed between 228 °C and
300 °C, which can be attributed to the removal of polymeric compo-
nents, including surfactants and dispersants. The precise chemical
composition of SOL725 was not disclosed by Henkel during this study.
Beyond 300 °C, further weight reduction may result from the combus-
tion of residual polymeric materials, potentially leading to carbonaceous
deposits on the sensing film, which could negatively impact device
performance. Consequently, 300 °C was identified as the optimal sin-
tering temperature.

Raman spectra of the SiC powder (Fig. 2b) confirm its cubic crystal
structure. Notable peaks were observed at 785, 897, 1346, 1588, 2684, and
2916 cm ™. Peaks at 785 and 897 cm™" correspond to the transverse and
longitudinal optical modes of 3C-SiC, respectively””. The peak at 1346 cm™*
corresponds to the D band of carbon, while the 1588 cm ™" peak represents
the G band associated with the A, vibrational mode of carbon™. The peaks
at 2684 cm " and 2916 cm ™" correspond to the second-order D band (2D
band) and the D+G band, respectively’*”.

XRD patterns of the SiC particles (Fig. 2c) further validate its cubic
crystalline structure, with distinct diffraction peaks observed. Peaks at 26 =
35.6° 41.4°,59.9° 71.7°, 75.4°, 89.9° and 104.4° correspond to the 111, 200,
220,311, 222,400, 331 and 420 crystal planes of the 3C-SiC structure, in line
with ICDD card 04-008-2393. The presence of 2H - SiC peaks at 26 = 33.6°
(100), 35.5° (002), 38.1° (101), 49.7° (102), 60.1° (110), 65.5° (103), 71.8°
(112) and 104.289° (114) (ICDD card 01-070-2550) suggests a blending of
two phases during nanoparticle fabrication. To further investigate, default
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Fig. 3 | Morphological characterization of the SiC
nanoparticles and printed SiC humidity-sensitive
films. a Particle size distribution of SiC nano-
particles dispersed in various solvent systems; error
bars represent the variability in measured particle
size distribution for the corresponding solvents
tested (b) particle size distribution determined
through image processing analysis. Additionally,
field emission scanning electron microscopy (FE-
SEM) micrographs of the SiC humidity sensitive
film cured at 300 °C are shown at magnifications of
(c) 100x, (d) 10,000x, and (&) 100,000x.

Particle size (um)

Solvent System

Il Particle Size

1.04

Mean Particle Size: 0.047um

0.00 0.04 0.08

Particle size (um)

0.12 0.16

(c)

Fig. 4 | EDX elemental mapping of SiC film. Showing the spatial distribution of (a) Si, (b) C, and (c) O species within the printed SiC film, confirming the material’s

composition and the presence of native surface oxidation on the SiC nanoparticles.

Rietveld refinement was performed in HighScore Plus software, the Rietveld
refinement spectra along with the relevant parameters are highlighted in
Supplementary Fig. 2 and Supplementary Table 1. The analysis revealed that
the SiC nanopowder comprises approximately 84 + 1 wt.% of the 3C-SiC
phase and 16 +4 wt.% of the 2H-SiC phase. It is important to note that
accurate phase quantification was challenging due to peak overlap between
the two phases.

A thorough investigation was conducted to determine the particle size
distribution of the as-received SiC nanopowder. Following the methodology
outlined by Nikkam et al.”, we analyzed the particle size distribution of the
SiC nanoparticles using dynamic light scattering (DLS) with various sol-
vents, including acetone, deionized water (DI water), ethylene glycol (EG), a
1:1 blended ratio of DI water and EG, ethanol, isopropanol (IPA), and
N-Methylpyrrolidone (NMP) (Fig. 3a). The DLS analysis revealed sig-
nificant variability in the measured mean particle sizes, ranging from
1.41 ym in NMP to 0.3 ym in ethanol. This variation is likely due to different
degrees of agglomeration or aggregation of the SiC nanoparticles within the
various solvent systems. In addition to DLS, particle size distribution was
further analyzed using the Image] software, where individual SiC particle
diameters were measured from field emission scanning electron (FE-SEM)
microscopy micrographs (Fig. 3b). The results indicate a wide distribution,
with particle sizes ranging from 0.02 ym to 0.15 ym, yielding a mean particle
size of 0.047 ym. This finding aligns with the manufacturer’s reported
specifications of 0.05-0.13 ym”.

SiC-based humidity sensing films with 20, 30, 40, and 50 wt.%
loadings were printed directly onto the prepared Kapton” substrates. The
morphology and structure of the 40 wt.% SiC sensing film were analyzed
via FE-SEM and energy dispersive X-ray analysis (EDX). As shown in
Fig. 3¢, the printed film is homogeneous, porous, and free of cracks.
ASTM F2252 / F2252M-13el tests™ confirmed excellent adhesion of the
printed film to the Kapton® substrate. Further magnifications (Fig. 3d, ¢)
reveal a densely packed network of SiC nanoparticles with intermittent
pores. These pores facilitate the adsorption/desorption process, sig-
nificantly improving the sensor’s response times'.

Elemental mapping (Fig. 4a, b, ¢) confirms ahomogeneous distribution
of Si and C elements, along with the presence of oxygen, indicating the
formation of a native oxide layer on the SiC nanoparticles". High resolution
optical microscopy images as seen in Supplementary Fig. 3a and b, further
validate the printed IDE and sensing film thickness. The silver ink achieved
an average layer height of 12 ym, while the printed sensing film atop the
IDEs reached 23 ym (Supplementary Fig. 3¢ and d).

The presence of functional groups on the surface of SiC nano-
particles, crucial to humidity sensing, was characterized by XPS analysis.
The full XPS spectra (Fig. 5a) indicate the presence of silicon (Si,,,), carbon
(Cls), and oxygen (Ols). Supplementary Table 2 shows that oxygen
accounts for 30.8% of the atomic weight, likely due to oxygen-rich func-
tional groups and silicon oxide formation. XPS spectra of individual
species have been analyzed and presented in Supplementary Fig. 4.
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Fig. 5 | Characterization of printed SiC humidity-sensitive films: composition
and rheological behavior. a X-ray photoelectron spectroscopy (XPS) spectra
confirming the presence of Si, O, and C species in the printed films, (b) Fourier
transform infrared (FTIR) spectra indicating the absence of hydrophilic -OH

Ink Formulation

(d)

functional groups, (c) viscosity versus shear rate curves for 20, 30, 40, and 50
wt.% SiC-loaded humidity-sensitive inks, and (d) viscosity as a function of SiC
weight percentage.

Deconvolution of the Ols peak (Supplementary Fig. 4a) revealed the
presence of Si-O and C-O species at 533.5 eV. Similarly, deconvolution of
the Si,p peak (Supplementary Fig. 4b) identified peaks corresponding to
Si-C, Si-CO, and Si - O,, indicating an oxide layer formation during
curing”. Analysis of the Cls peak (Supplementary Fig. 4c) revealed C-C,
C - 0, and O - C = O functional groups at 285, 287.2, and 289.8 eV,
respectively”. Further calculations revealed that 29.2% of the oxygen
species bond with silicon, while only 1.6% bond with carbon. The absence
of C - OH bonding suggests a negligible amount of hydrophilic functional
groups on the nanoparticle surface.

Fourier transform infrared (FTIR) spectroscopy was used to analyze
the chemical structure of the SiC ink. Figure 5b compares the spectra of ink
cured at 300 °C for 180 min with ink dried at 80 °C for 60 min. Both samples
exhibited peaks at 835 cm ™' and 962 cm ™, corresponding to Si-C and Si - O
- Si stretching vibrational modes, respectively”. Peaks at 3499 cm™' and
1622 cm ™ correspond to ~OH stretching and bending modes, respectively,
due to the physical adsorption of water vapor'®". The absence of the
3499 cm™' peak in the cured sample suggests the complete removal of
hydroxyl groups from the SiC surface, whereas the 1622 cm™ peak in the
cured sample indicates minimal water vapor adsorption after fabrication.
The lack of hydrophilic hydroxyl groups on the SiC surface likely impedes
the adsorption and ionization of water molecules, limiting the flow of charge
carriers across a broad %RH range. We hypothesize that the device’s per-
formance is driven by a swelling mechanism, resulting in a positive resis-
tance change with increasing relative humidity™.

Viscosity is a key parameter in optimizing the flow characteristics of
screen-printable inks, typically ranging between 1 x 10> to 2 x 107 centipoise
(cps) according to IPC standards®. Figure 5c illustrates the viscosity beha-
vior of 20, 30, 40, and 50 wt.% SiC-loaded inks over a shear rate range of
0.1-100 (1/s) at room temperature. As the SiC loading increases, a sig-
nificant rise in viscosity is observed, particularly between the 30 wt.% and 50
wt.% inks at a shear rate of 0.1 (1/s) (Fig. 5d). The viscosity of the 40 wt.% SiC
ink reaches 1.78 x 107 cps at a shear rate of 0.1 (1/s), which is near the upper
limit for screen-printable inks. However, the viscosity of the 50 wt.% ink
increases to 4.75x 107 cps, rendering it unsuitable for screen printing
applications.

We next investigated the electronic properties of SiC sensor films with
20, 30, 40, and 50 wt.% particle loading, cured at 300 °C for durations of 60,
120, and 180 minutes. Electrical conductivity was measured using the four-
point probe method at ambient temperature and humidity for five printed
samples per test condition. As shown in Fig. 6a and Supplementary Table 3,
SiC inks with 30 wt.% and 40 wt.% particle loading cured for 180 min
exhibited the highest electrical conductivities, reaching values of
3.09+3x 10 *and 1.52 + 1 x 107> S/m, respectively. Figure 6b presents the
current-voltage (I-V) characteristics of the printed humidity sensing films.
The observed linear ohmic behavior between -5 V and +5 V indicates that
the device functions as a resistor, where the current is directly proportional
to the applied voltage*.

Baseline resistance values for all printed inks were recorded under
ambient conditions of temperature and humidity, with the data provided in
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Fig. 6 | Electrical and I-V characteristics of prin-
ted SiC humidity-sensitive films. a Electrical con- 34 " 101
ductivity measurements of 20, 30, 40, and 50 wt.% =- - 20-SiC
SiC-loaded films as a function of curing time, and (b) E - - : igg:g 54
current-voltage (I-V) characteristics of the printed %2- = - 50-SiC 73
SiC humidity-sensitive films. E . R E o
2 . S35 2P 1 2 3 4 5
8" 5 ——20SiC
. © 51 ——30SiC
= . ——40 SiC
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Supplementary Table 4. Films loaded with 20 wt.% particles exhibited
minimal changes in baseline resistance across all three curing cycles. In
contrast, the 50 wt.% loaded samples displayed the highest baseline resis-
tance, with notable inconsistencies likely due to poor printability due to its
high viscosity as previously discussed. For the 30 wt.% loaded samples, a
47.5% reduction in baseline resistance was observed between 60 and
180 minutes of curing, from 582 + 8 Q to 306 + 30 Q. Similarly, the 40 wt.%
samples exhibited a 33.5% reduction from 1078 £ 19 Qt0 717 + 19 Q. These
reductions in baseline resistance can be attributed to film densification with
increasing curing time*"". These results indicate that films cured at 300 °C
for 180 min offer optimal performance for humidity sensors. It is note-
worthy that the 30 wt.% samples exhibited lower overall baseline resistance
compared to the 40 wt.% loadings.

Figure 7 a demonstrates the humidity sensing performance of printed
sensors with varying SiC loadings after curing for 180 min. Each con-
centration was tested with three samples, each cycled five times between
10-90% RH at a constant temperature of 25 °C. As expected, all devices
showed increased electrical resistance with rising relative humidity (%RH), a
behavior attributed to the swelling mechanism™®, which will be further
elaborated in the subsequent section. Table 2 provides the evolution of the
electrical response (R/Ry) for the humidity sensors across different loading
concentrations and curing times. The humidity sensor response was
calculated using Equation (1)*:

%(R/Ry) = @ % 100% 1)
10

where R represents the electrical resistance at 10% and 90% RH. Notably, the
40 wt.% loaded SiC ink cured for 180 min demonstrated a response of
452+5.71% (R/Ry), which was calculated using Eq. (1) over the tested
humidity range. Conversely, the 20 wt.% loaded sensor exhibited consistent
response across all curing times, suggesting that the particle densification
process was complete after 60 minutes of curing. The 50 wt.% loading,
however, resulted in a decrease in response, likely due to film cracking and
disruption of conductive pathways. These findings are consistent with the
observed changes in electrical conductivity and baseline resistance. The
30 wt.% and 40 wt.% loaded films showed enhanced response and sensitivity
with longer curing times, corresponding with their electrical properties.

Device sensitivity (S) and hysteresis (H) are calculated as per equations
(2) and (3) respectively.

Ry, — R

s:% 2)
AH

H:Tm 3)

The sensitivity of the 40 wt.% SiC sensor was determined to be
5.34 +0.6 Q/%RH, with a maximum hysteresis of 6.5% RH at 60% RH.

Further characterization of the 40 wt.% SiC ink is shown in Fig. 7b, which
illustrates the adsorption and desorption behavior between 10-90% RH.
The sensor followed a second-order polynomial fit governed by Equation
(4), with an R coefficient of 0.99, as depicted in Fig. 7c.

Y =-2.0%107°X> +8.1x107°X + 0.9384 (4)

The adsorption and desorption time constants (response and recovery
times) are crucial in assessing how quickly a sensor can detect changes in
relative humidity. The test procedure is summarized in Supplementary
Fig. 5. Upon water drop deposition, Fig. 7d shows a rapid increase in
device response until saturation, followed by a sharp drop in response
after water removal, eventually returning to the baseline state. Since this
test was conducted under ambient conditions, the %RH ranged between
40% (ambient humidity) and 100% (water saturation). The measured
adsorption and desorption times were 18 s and 46 s, respectively. These time
constants are consistent with other recently reported printed humidity
sensors”*>”.

We evaluated the reproducibility of the humidity sensor responses
through rapid cycling at the maximum permissible speed of the test
chamber, within a limited testing range of 30-70% RH, as shown in Fig. 7e.
The sensors exhibit minimal variability, with only a slight drift in baseline
resistance during the initial cycles. This drift can be tentatively attributed to
the relaxation of the porous SiC particle network as the RH changes. Long-
term reliability was also assessed by cycling the sensors over extended
periods. Initially, the sensors were cycled five times between 10-90% RH
over 3.5 hours, as presented in Fig. 7f. The sensors responded consistently to
the RH variations, indicating excellent long-term cycling stability. More-
over, the sensors demonstrated the ability to detect small variations in RH
(< 4%), occurring as the test chamber stabilized at each point. Remarkably,
response changes as small as 0.003% (R/R,) were successfully recorded, as
illustrated in Fig. 7g. In a separate experiment (Fig. 7h), the sensors were
subjected to incremental changes in humidity from 10-90% RH, with 10%
RH steps and a stabilization period of 15 minutes between each step. The
sensors maintained stable performance with only a slight baseline resistance
drift (4%) after the cycling was completed. The temperature dependence of
the sensor, measured between 25 °C and 50 °C at a constant 40% RH, is
depicted in Fig. 7i. The three devices tested exhibited a small negative
temperature coefficient of resistance (NTCR) of —0.005 Q°C™", which is
likely due to increased charge carrier hopping between neighboring SiC
nanoparticles as the temperature rises”. Notably, the SiC humidity sensors
display a positive resistance change with increasing RH and a negative
resistance change with rising temperature. However, the small NTCR
suggests that temperature has a limited impact on overall sensor
performance.

For a comparative analysis, the characteristics of recently reported (1)
printed resistive humidity sensors and (2) SiC-based humidity sensors are
summarized in Table 3. It is worth noting that no prior studies on fully
screen-printed SiC humidity sensors were found. Our SiC humidity sensors
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Fig. 7 | Performance and reliability evaluation of printed SiC-based humidity
sensors. a Response of 20, 30, 40, and 50 wt.% SiC humidity sensors cured at 300 °C
for 180 minutes. Performance of the 40 wt.% SiC sensors: (b) adsorption/desorption
plot showing a hysteresis of 6.5% at 60% RH, (c) response curve with polynomial
fitting, (d) plot determining adsorption/desorption time constants via a drop test, (e)

Time (hours)

(h)

Temperature (°C)

(i)

high-speed cycling of the SiC humidity sensor between 30-70% RH, (f) long-term
cycling between 10-90% RH over a 3.5 h period, (g) detection of minute variations in
%RH using the 40 wt.% printed SiC humidity sensor, (h) long-term cycling between
10-90% RH in 10% RH increments, and (i) temperature coefficient of resistance
measured at different temperatures.

represent a significant advancement over existing devices by utilizing
commercially available SiC nanoparticles and a standardized ink vehicle,
addressing challenges related to material availability, cost, and consistency.
In contrast to complex, energy-intensive methods like PECVD, we employ
screen printing, offering faster production, greater design flexibility, and

Table 2 | Humidity sensor response (% change in resistance
R/R,) over different SiC loadings and cure temperatures

Time(h)  20-SiC 30-SiC 40-SiC 50-SiC
R/R,

1 3165 +1.43  18.48+1.60  28.75+1.80 41.70 + 3.88

2 31.85+2.89 22 +1.68 37.65 +4 35.50 +3.15
29.31 +3.16  28.75+3 45.20 +5.71 30.72 +4.73

reduced material consumption. This scalable and cost-effective fabrication
technique enables broader application of SiC-based humidity sensors.
Although some solid-state devices offer comparable or superior perfor-
mance and response times”, their high material costs and fabrication
complexities limit their suitability for large-scale applications™. Table 3 also
highlights SiC humidity sensors fabricated through more intricate processes
such as chemical vapor deposition or SiC nanowire networks. These
nanowire-based sensors offer higher aspect ratios and an increased number
of contact points compared to nanoparticle-based devices, potentially
leading to higher responses, while a well-dispersed porous SiC network
enables faster adsorption and desorption times. However, the fabrication
techniques used for these sensors significantly increase processing costs. In
contrast, our screen-printed SiC nanoparticle-based devices provide suffi-
cient performance for many applications, while being produced at a much
lower cost using manufacturing-grade equipment.
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Table 3 | Comparison of sensing performance of recently reported humidity senors

Material Fabrication Device Type Testing Range Response (R/Ry) Adsorption/ Ref
(%RH) desportion time
Printed resistive humidity sensors
CNF/CB/TX-100 screen printing resistive 30-90 120% 10s/6s 1
daily carbon ink paint brush resistive 0-95 178.7% 56s/14s 39
Graphene CVD resistive 10-90 1.2% 0.6/0.4 77
MWCNT/polyimide in-situ polymerization resistive 20-90 12.8% 5s/600s 78
RGO/PDDA layered self-assembly resistive 11-97 37.4% 108s /94s 79
PEG / gold nano particles inkjet printing resistive 1.8-95 10* 1.2s/3s 80
PHEMA gravure printing resistive 30-80 172% - 81
MWCNT w/ integrated printed screen printing resistive 10-90 55% 4.6 min / 30.9 min 82
heater
Graphene/methyl red inkjet printing resistive 5-95 96.36 0.251s/0.35s 83
polyDADMAC direct write printing resistive 10-90 >99% 7s/213s 84
Reported SiC humidity sensors
SiC 2D nanosheets spin coating resistive 11-95 - 3s/3s 19
SiC on p - Si wafer PECVD capacitive 10-90 200% 3 min/4min 85
SiC nanopaper SiC nanowire resistive 30-65 90% 41s/124s 23
compression
SiC nanowires on nanoporous Si CVD + etching capacitive 11-95 960% 105s / 85s 25
pillar array
SiC nano particle ink screen printing resistive 10-90 45.2% 18s/46s This work
is often used to enhance humidity sensing performance™*"*. However,
VIV IV FTIR measurements (Fig. 5b) confirm that all -OH groups are removed
e from the sensing film after curing at 300 °C.
L T e m Ambient Figure 8 pregsents a schematic ?llustration of the adsorption mechanism

A I

H,0

(a) (b)

Fig. 8 | Humidity sensing mechanism of SiC film: water adsorption and charge
carrier mobility reduction. a Schematic illustrating the adsorption of water
molecules onto the SiC humidity sensor film, and (b) the reduction in charge carrier
mobility with increasing %RH.

Humidity sensing mechanism

The responsivity of resistance-type humidity sensors is primarily driven
by the adsorption and desorption of water molecules by the sensing
material™. A negative resistance change with increasing RH can generally
be attributed to the presence of hydrophilic functional groups, such as
-OH, C = O, and C - O, which promote water molecule attachment to
the sensing film surface”. This leads to ionization and the production of
hydronium ions (H;O")”, facilitating proton movement and thereby
reducing resistance through proton hopping in the Grotthuss chain
reaction™. Conversely, positive resistance change in humidity-sensitive
materials typically results from swelling of the sensing film as it absorbs
water molecules™ ™. In our case, the printed SiC humidity sensing films
exhibit a positive resistance change with increasing RH. This can be
further elucidated through XPS and FTIR measurements, as shown in
Fig. 5. XPS analysis of the SiC thermistor films reveals that only 1.6% of
atomic oxygen is bonded to carbon, forming C - O and O - C =0
hydrophilic groups. The results also confirm the formation of a silicon
oxide shell around the SiC particles, with 8.1% and 11.8% atomic oxygen
bonded to silicon atoms forming Si-CO and Si - O, species, respectively.
Silicon dioxide (SiO,) is known for its strong hydrophilic properties® due
to the presence of hydroxyl (-OH) groups on its surface, which is why it

of water molecules onto printed SiC films. Under dry conditions, the elec-
trical resistance of SiC remains minimal, as electron transport is facilitated
by tunneling between the nanoparticles®. The porous nature of the SiC
nanoparticle film offers a high surface-to-volume ratio, allowing significant
adsorption of water molecules via capillary condensation®. As the relative
humidity (%RH) increases, water molecules infiltrate the film’s pores,
eventually reaching equilibrium. The accumulation of adsorbed water leads
to the formation of a water film around the SiC nanoparticles, thereby
impeding the electron tunneling process™. Consequently, the device exhibits
higher electrical resistance at elevated %RH levels. It is important to note
that deionized (DI) water, with its low electrical conductivity (approxi-
mately 1-54S/m)*, was employed in these experiments. While a small
fraction of water molecules may dissociate to form hydronium ions,
potentially enhancing electron conduction, this contribution is expected to
be negligible and unlikely to significantly impact the sensing mechanism.

Device integration

Due to their remarkable sensitivity and rapid response, the printed SiC
humidity sensors demonstrate potential for a broad spectrum of applica-
tions. Prior research has shown that tracking variations in relative humidity
(%RH) during breathing cycles can provide access to critical respiratory
parameters, aiding in preventative healthcare for patients”. In this study, we
selected a KN95 mask for integrating flexible printed SiC sensors to monitor
breath, as illustrated in Fig. 9. The sensor arrays were fabricated using an
optimized 40%-loaded SiC ink formulation, cured at 300 °C for 180 min.
These arrays were affixed to the exterior surface of the mask, as depicted
in Fig. 9c.

A simple experiment was conducted wherein a subject breathed nor-
mally for 60 seconds, followed by 10 deep respirations. Resistance values
were recorded at one-second intervals, as shown in Fig. 9a. Owing to the
rapid adsorption and desorption response of the printed sensors, distinct
variations in sensor output were observed between normal and deep
breathing cycles. The data acquired from such trials hold the potential for
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Fig. 9 | Printed SiC humidity sensors for breath monitoring and respiration rate

detection. a Sensor response during human breathing with SiC humidity sensors
attached to the exterior of a KN95 mask, (b) determination of human respiration rate
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based on the sensor response, and (c) photograph of the breath monitoring setup
used for the measurements.

extracting physiological parameters related to respiratory rate, monitoring
of chronic obstructive pulmonary diseases (COPD), asthma, and sleep
apnea”””". For instance, Fig. 9b displays the change in %RH over a 60 s
period, corresponding to 12 response cycles, which aligns with a normal and
healthy respiration rate’". Additionally, a baseline shift in sensor resistance
was noted throughout the test duration. Since the sensors were placed on the
exterior of the mask, this baseline shift may be indicative of humidity
saturation or potential clogging of the KN95 mask.

These humidity sensor arrays can also be employed to assess humidity
distribution across a surface, as demonstrated in Fig. 10a. Figure 10b illus-
trates a matrix of 18 sensors, with a hand placed over the sensors both with
and without a glove. A rise in resistance is observed when the bare hand
approaches the sensors, attributed to the moisture from the skin. In contrast,
no change in sensor response occurs when the hand with a glove is placed
near the sensor array. Figure 10c captures the transient resistance behavior
in proximity to the bare hand and the recovery when exposed to hot air after
the hand is removed. This highlights the potential for mapping humidity
changes across large areas, which is valuable for applications such as leak
and flood detection”.

This study demonstrates that the printed SiC humidity sensors exhibit
high sensitivity and reproducibility. Furthermore, the chemical inertness

and biocompatibility of both Kapton and SiC™* " suggest these sensors could
be effectively utilized in moisture detection within critical environments
such as medical facilities, refineries, and greenhouses. Notably, the relatively
low cost of silver ink, the Kapton substrate, and SiC powder makes these

sensors ideal candidates for low-cost, high-volume applications™.

Conclusion

This study presents a high-performance humidity sensor based on a screen-
printable SiC nanoparticle ink formulation. The simplicity of the device
architecture, use of commercially available low-cost materials, and bio-
compatibility make these sensors applicable across a broad range of fields.
Various SiC loadings and curing temperatures were evaluated, with the
optimal performance observed at a 40 wt.% SiC particle loading and curing
at 300°C for 180 min. Under these conditions, the sensor achieved a
response of 45.2 £5.7% (R/R,) between 10% RH and 90% RH, with fast
adsorption and desorption times of 18 s and 46 s, respectively.

These humidity sensors exhibit an increase in electrical resistance with
rising %RH, primarily due to physical swelling, as the absence of hydrophilic
—OH groups limits water absorption. The sensor’s response follows a
second-order polynomial fit to %RH changes, with a high correlation
coefficient (R*=0.99). Additionally, the sensor demonstrated excellent
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Fig. 10 | Printed SiC sensor array for large-area humidity mapping and human
interaction detection. a Implementation of a 6 x 3 array of SiC humidity sensors,
(b) demonstration of the change in response of the printed SiC humidity sensor
array with contact from human hand with and without a glove (barrier), (c) illus-
trating depicting the change in response where the image at O seconds corresponds
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to the sensor arrays response at rest. The second image reflects sensor behavior at
540 s where sensors that are in contact with the uncovered hand detect a change in
humidity. The last iamge corresponds to the sensor arrays response at 950 s where
sensors that responded to change in humidity show a very small residual resistance
value after desorption.

thermal stability, exhibiting a low temperature coefficient of resistance
(TCR) of —0.005 Q/°C. After prolonged exposure at various humidity levels,
the baseline resistance showed minimal drift, with only a 4% change over
three hours.

As a proof-of-concept, we demonstrated the potential application of
these printed humidity sensors for monitoring human respiration within a
KN95 mask. Moreover, the sensors were implemented in a matrix config-
uration to detect skin contact. Due to their high performance, fast response
times, and stability, these sensors hold promise for critical applications in
environments such as chemical storage, food production, agriculture, and
flood detection.
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