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Abstract: A promising alternative to methods for the conventional medical diagnosis of many
disorders is respiratory monitoring. Unfortunately, current respiratory monitoring methods can be
expensive and require inconvenient equipment, significantly limiting their medical applicability. In
this study, we fabricated a respiration sensor that uses MoS;-based resistance measurements and
analyzed the cause of the slow response time previously reported for MoS,-based sensors. Our results
confirm that the crystal phase change of MoS, affects the absorption and desorption of H,O and
the use of the 2H structure results in high sensitivity, a fast response time, and a linear response to
water vapor absorption during breathing. This study demonstrates the potential of two-dimensional
nanomaterials for humidity and respiration sensors that can be applied in various fields.

Keywords: two-dimensional materials; molybdenum disulfide; respiration sensor; hydrothermal;
chemical vapor deposition; MoS;

1. Introduction

Respiration, the process of gas exchange between an organism and the environment, is
critical for sustaining human life and activity [1]. Shortness of breath is a form of discomfort
caused by breathing difficulties. Respiratory disorders exhibit various symptoms depend-
ing on their cause. Asthma, heart conditions such as heart failure, pneumonia, bronchitis,
sleep apnea, fever due to infection, and various other diseases and health conditions can
cause respiratory disorders [2]. When experiencing shortness of breath, a feeling of air
depletion accompanies an increase in the breathing rate, making alterations in the depth of
breathing possible. Breathing causes changes in humidity depending on inhalation and
exhalation. Therefore, humidity detection is becoming an increasingly important method
of respiratory monitoring, as it offers a promising approach to establish a relationship
between human breathing and electrical signals [3]. In addition to work, health and safety,
and the analysis of human emotions, respiratory monitoring has also found applications in
sports performance and training. The monitoring of breathing during exercise can provide
valuable information on the efficiency of breathing patterns and the intensity of exercise.
This can help athletes and coaches to optimize training programs and improve perfor-
mance. For example, tracking respiratory rates during high-intensity interval training can
help athletes to determine their optimal rest periods between exercise to maximize the
effectiveness of the workout.

Furthermore, respiratory monitoring has been used in the diagnosis and management
of various medical conditions and problems. For example, in sleep therapy, respiratory
monitoring is used to diagnose and treat sleep apnea, a condition in which a person’s
breathing repeatedly stops and starts during sleep. In cardiology, respiratory monitoring
can provide information on heart function and help to diagnose heart conditions. In
addition, respiratory monitoring can also be used to monitor the effects of medications on
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respiratory function and to assess the progression of respiratory diseases, such as chronic
obstructive pulmonary disease and asthma.

However, to measure 20-30 breaths per minute, a fast response time is required.
Nonetheless, the existing humidity sensors have limitations, such as their large size, low
sensitivity, sensitivity to temperature changes, and slow response times, which limit their
application fields [4]. Through the studies on microelectromechanical systems (MEMS)
over the past few decades, miniature humidity sensors have been developed using several
different principles, such as capacitance, resistance, resonance, piezoelectric, and optical
sensors [1,2,5-8].

Methods for measuring the moisture generated from direct respiration are divided
into two types, depending on the measurement technology used: capacitive and resistive
electronic humidity sensors.

Capacitive humidity sensors are widely used because of advantages related to their
temperature stability, low power consumption, excellent linearity, and wide range of rela-
tive humidity measurements [9]. However, their structure is complex, and the management
of the capacitance values is challenging, making the manufacturing process complicated
and resulting in high numbers of errors due to small changes, which remains an issue to
be resolved [10]. Resistive humidity sensors enable precise measurements and are easy to
manufacture at low costs. They are also small in size with high degrees of freedom and
are suitable for sensor arrays. Owing to these advantages, research is being conducted to
replace capacitive humidity sensors with resistive humidity sensors [11-13].

Indeed, many issues remain to be addressed in regard to the resistance-type humid-
ity sensors that have been studied for metal oxides and polymers. These issues include
a low response rate, low reactivity in low-humidity environments, hysteresis, and sus-
ceptibility to external environmental factors. For example, metal-oxide-based humidity
sensors have been shown to degrade significantly in high-temperature and high-humidity
environments [14]. Polymer-based humidity sensors exhibit reduced durability in high-
humidity environments [15]. Therefore, research on reliable detection materials is necessary
to address these issues.

Two-dimensional (2D) materials, such as molybdenum disulfide (MoS;), with a high
surface-to-volume ratio, large specific areas, and numerous active sites, such as graphene
and transition metal dichalcogenides (TMD), have demonstrated considerable potential
as sensing materials [13,16-18]. In general, 2D TMDs belong to a family of layered semi-
conducting structures with the chemical formula of MX2, where M represents a transition
metal atom such as Mo or W, and X is a chalcogen atom such as Se or S. The layered nature
of these materials results in strong anisotropy in their physical and chemical properties,
such as their electrical, mechanical, and thermal properties. The most extensively studied
2D-TMD is MoS;, which has three crystalline structures: 1T (tetragonal), 2H (hexagonal),
and 3R (rthombohedral) [19]. The lattice parameters of 1T MoS, are 5.6 A and 5.99 A, those
of 2H MoS, are 3.15 A and 12.36 A, and those of 3R MoS, are 3.17 A and 18.38 A [20].
Furthermore, the electronic properties of MoS, vary with the phase; it behaves as a metal in
the 1T phase and as a semiconductor in the 2H and 3R phases [19,20]. Among the mono- to
few-layer structures, 2H-MoS; is the most thermodynamically stable and commonly found
phase. In its monolayer form, MoS, has an octahedral or a trigonal prismatic coordination
phase [21].

However, the progress made in humidity-sensing technology based on pure MoS;
is not substantial. These sensors have exhibited low reactivity at low humidity levels
and even longer recovery times of over 30 s, showing even lower recovery rates than the
existing capacitive humidity sensors. Further studies are required to identify and address
the causes of these issues [22,23].

X. Gan reported that the crystal phase of MoS;, having S vacancies, reduced the
bandgap of MoS,, indicating an increased conductivity and decrease in the hydrogen
adsorption free energy, implying a significant improvement of hydrogen evolution reaction
activity [24]. J. Cao reported that there is a significant change in the density of states near
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the Fermi level as well as greater charge transfer between the gas and the MoS, when the
gas is adsorbed onto 1T" MoS; and WS, compared to 2H MoS, and WS,. Thus, phase
selection is important for improving the gas-sensing performance of monolayer MoS,
and WS, [25]. However, the crystalline nature of MoS; in response to respiration has not
been studied.

In this study, we attempted to determine the origin of the slow recovery rates of
MoS,-based respiration sensors. We compared two respiration sensors fabricated using
MoS, synthesized using the chemical vapor deposition (CVD) and hydrothermal methods.

We confirmed that the crystallinity of MoS; thin films varies greatly depending on
the synthesis method. It was confirmed that the change in the crystal structure greatly
affects the adsorption and desorption of water vapor. In this research, we confirmed that
the problem with MoS; humidity sensors and respiration sensors, which made it difficult
to secure a fast response speed, was caused by the crystal structure.

2. Experimental
2.1. Synthesis of MoS, by Hydrothermal Method

Figure 1 shows a schematic of the synthesis of MoS; grown via thermal synthesis and
CVD. For the synthesis of MoS, samples via the hydrothermal method, Na;MoQO,-2H,O
(0.15 g) and CH3CSNH,; (0.6 g) were dissolved in 50 mL of deionized (DI) water, and the
obtained MoS, was heated for 24 h at 200 °C in an autoclave. The resultant MoS, was
centrifuged and the remaining solution was discarded. Then, MoS, was mixed with DI
water for drop casting. To separate the micro-sized MoS,, the mixed solution was dispersed
using a homogenizer, and a certain amount of MoS, was coated onto the sample using the
drop-casting method. Then, the MoS, was dried for 10 min at 80 °C.
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Mixture of Na,MoO,-2H,0, Hydrothermal bomb
CH;CSNH, and DI water  at 200°C for 24 hour Sulfur
) Centrifuge .
p Mo/Substrate Heating zone

Patterned Mo 1nm , Sulfur 0.8g
Substrate Sapphire

Na;Mo0y-2H,0 0,15, CHyCSNH, 0.3¢. Growth temperature Heating zone : 680°C / Smin
DI water S0mL time

Growth temperature 200°C

24h
L J \\

50Torr

Ar 100scem

J/

Figure 1. Schematic of the synthesis of MoS, through the (a) hydrothermal method and (b)
CVD method.

2.2. Synthesis of MoS, via CVD

For the synthesis of MoS, samples via CVD, the following process was used: For
the deposition of the 0.8 nm thick Mo film, c-plane (0001) sapphires were cleaned in
acetone, methanol, deionized (DI) wafer, and buffer oxide etch (BOE). Then, the c-plane
(0001) sapphires were rinsed with DI water and blown until dry with N, gas. After the
lithographic patterning of the photoresist layer with square windows (500 um?) using
photolithography, a 0.8 nm thin film of Mo was deposited on a c-plane (0001) sapphire
substrate via e-beam evaporation. Next, the patterned Mo thin films deposited on the
sapphire substrates were placed in a quartz boat, which, in turn, was placed in the center
of a tube furnace. A ceramic boat holding pure sulfur (>99.99%, 0.8 g, Sigma-Aldrich) was
placed in the upwind low-temperature zone in the quartz tube. The quartz tube was first
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kept under a flow of high-purity Ar at a flow rate of 100 sccm. The growth temperature was
750 °C. The temperature was increased from room temperature to the growth temperature
over 10 min and maintained for 5 min before being cooled to room temperature for 60 min.

2.3. Fabrication of a Respiration Sensor

To fabricate high-quality, large-area MoS, for use as a humidity and respiration sensor,
a TFT (thin film transistor) structure was used as the channel for the electron flow, as
shown in Figure 2. For the samples synthesized using the hydrothermal method, Ti/Au
(5 nm/50 nm) was deposited on a PI substrate using an e-beam evaporation system with a
shadow mask. The MoS, solution was then dropped onto the channel region between the
two electrodes and dried.

Figure 2. Schematic of the synthesis of a respiration sensor: schematic diagram of (a) MoS,; MoS,
synthesized using the (b) hydrothermal method and (c) CVD method.

To fabricate a respiration sensor using the MoS; film synthesized via CVD, the MoS;
film was transferred onto a PI substrate using a wet transfer technique. Poly(methyl
methacrylate) (PMMA) was spin-coated onto the MoS, /sapphire at 3000 rpm for 60 s. The
PMMA /MoS; film was immersed in a BOE solution. The solution penetrated the interface
between the MoS; and sapphire and caused the sapphire substrate to sink. Consequently,
the sapphire was separated from MoS, /PMMA film and the film remained on the surface
of the BOE solution. The PMMA /MoS, film was rinsed with DI water for 10 min to remove
any effects of the BOE solution. The film was then transferred onto a PI substrate and dried
completely at room temperature to ensure adhesion between the MoS, film and substrate.
The PMMA film was dissolved in acetone and the residue was removed through annealing
in Ar at 150 °C for 30 min.

2.4. Measurement of Material Characterization

To analyze the optical properties, micro-Raman scattering spectroscopy (RSS) was
performed on the dimple-etched sample surfaces using a 532 nm laser with a power density
of 0.75 W/m? (a 100 um? beam size and a 0.75 uW laser intensity) using a spectrometer
(XPER RAM C, Nanobase). An optical microscope (BX-43, Olympus) and scanning electron
microscope (SNE-4500M, SEC) were utilized to characterize the surface morphology of the
MoS; synthesized using the hydrothermal method and CVD. The chemical bonding states
of the MoS; thin layers and their phase evolution after sulfurization were revealed via X-ray
photoelectron spectroscopy (XPS) measurements (K-Alpha+, Thermo Fisher Scientific). A
400 pm diameter X-ray beam operating at 6mA x 12kV was utilized to acquire spectra in
the constant analyzer energy mode with a pass energy of 200 eV for the survey. Narrow
regions were collected using the snapshot acquisition mode (150 eV pass energy) with a
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rapid collection rate of 5 s per region. Charge compensation was accomplished using the
flood gun system, which supplied low-energy electrons and low-energy argon ions (20 eV)
from a single source. Data acquisition and processing were performed using Thermo
Scientific Avantage software. Spectral calibration was conducted using an automated
calibration routine and the internal standards of Au, Ag, and Cu.

2.5. Measurement of Characterization of Respiration Sensor

Prior to the measurement of the respiration sensor, the current response to changes in
humidity was measured. For this purpose, TR-72WB, a commercially available capacitance-
type moisture sensor, was used, and its current response was measured while rapidly
changing the relative humidity from 40 to 60%. A Keithley 4200A-SCS Parameter Analyzer
was used to measure the current response. To measure the respiration sensor, the sensor
was attached to the front of the face mask, and the reactivity was measured according to
the distance or speed of change in the amount of water vapor during respiration. Since
respiration-induced changes in moisture content usually occur in the 40-70% interval, we
confirmed the current response to moisture in this range. After attaching the sensor to the
front of the face mask, it was fixed using tongs, and the current response was analyzed by
connecting the sensor to the parameter analyzer.

3. Results and Discussion

First, the responses of the TFT-based humidity sensors fabricated using the MoS;
thin film synthesized via the hydrothermal and CVD synthesis methods were compared.
For comparison, the humidity in the range of approximately 40-60% was measured using
a commercial capacitance-type sensor (TR-72WB). Because a capacitor-type sensor was
used as a reference to measure the humidity variation, it was difficult to change the
humidity quickly.

As shown in Figure 3, the currents in both sensors increased with increasing humidity.
Generally, when water vapors are adsorbed, superoxides (O>~) dominate the dissociation
of water molecules at room temperature. The resulting OH™ is chemically adsorbed
onto MoS;, serving as an electron donor and increasing the conductivity of the n-type
MoS, semiconductor, leading to an increase in the current [26,27]. The sensor using
hydrothermally synthesized MoS, exhibited a fast response to water vapor absorption but
a slow recovery time, as shown in Figure 3a. Although the fabricated sensor showed a
relatively faster recovery rate compared to the commercial sensor, it was not able to achieve
a sufficiently high recovery rate to observe breathing. Similar results have been reported
previously [23]. To evaluate the applicability of MoS, as a respiration sensor, it is essential
to determine whether the problem lies in the moisture absorption of the MoS; film itself or
if there are other external factors at work.
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Figure 3. Current response depending on the humidity change for samples synthesized via (a) the
hydrothermal method and (b) CVD.

The current response of the humidity sensor fabricated using MoS, synthesized via
CVD, as compared to that fabricated with hydrothermally synthesized MoS,, increased
as the humidity increased from 40% to 55%. As shown in Figure 3b, the sensor fabricated



Appl. Sci. 2023,13, 6084

60f11

using MoS; synthesized via CVD exhibited much faster response and recovery rates than
the conventional sensor fabricated using hydrothermally synthesized MoS,. This indicates
that the fabricated sensor was highly sensitive to changes in humidity. However, these
results differ from those of previously reported studies on sensors with a slow recovery
time [23]. Therefore, the differences in the response and recovery rates between humidity
sensors fabricated using MoS, synthesized via CVD and those fabricated hydrothermal
method were examined.

In the hydrothermal method, the mechanism underlying the formation of MoS; is
associated with the anion exchange and reduction reactions described by the following
equations [28]:

CH3CSNH2 + 4H20 — st + NH3 + 2C02 + 4H2 (1)
H,S +OH™ — $*~ )
MoO; + S?~ — MoQj (intermediate) — (1T/2H) MoS, 3)

At first, CH3CSNH; is decomposed to produce S*~ anions through the hydrolyzation
steps. Then, MoS, (intermediate) is formed through a direct anion exchange reaction
between the O?~ anion of MoO3 and S?~ anions of sulfur. Finally, MoSs is reduced to the
1T and 2H phases of MoS; as the final product.

In the CVD method, the mechanism underlying the formation of MoS; can be de-
scribed by the following equations [29]:

Mo (metal) + S (gas) — MoS; 4)

The growth of the continuous MoS; thin films includes three major steps:

(1) The reaction of Mo and S to form the MoS; nuclei on the surface;

(2) MoS; growth on the substrate, which is controlled by kinetic factors (e.g., temperature,
pressure, and the growth time);

(8) The coalescence of adjacent MoS, domains that merge into a continuous film.

In general, since CVD is synthesized at a high temperature of 500 degrees or more, it
is common to obtain a 2H crystal structure.

Thus, we believe that there are differences in the crystal phase of MoS, depending
on the synthesis method. We attempted to analyze the differences in the crystal phase
and their effect on the humidity response. First, we analyzed the crystal characteristics of
films grown using different growth methods. Figure 4a,b shows the optical microscopy
and SEM images of the hydrothermally synthesized MoS;. As shown in Figure 4, the
hydrothermally synthesized MoS, formed a thin film with micro-sized particles dispersed
in a plane. In contrast, the optical microscopy (Figure 4d) and SEM images (Figure 4e) of the
MoS; synthesized via CVD show that the MoS, grew well into a thin, nanometer-thick film
in the patterned area. Although the shapes of thew MoS; synthesized via the two methods
were different, Raman analysis confirmed that the MoS, thin film was well-formed. As
shown in Figure 4c/f, E! 2 and Azg, which are the characteristic peaks of MoS,, occurred in
both samples. This shows that the MoS; thin films were well-formed using both synthesis
methods. The Elzg mode is the horizontal vibration peak of Mo and S, whereas the A
mode is the vertical vibration peak of sulfur. As the thickness increased, the Elzg peak
shifted to a lower frequency because of the van der Waals forces between the layers, which
caused the vibration direction to be perpendicular to the bonding force, whereas the A
peak shifted to a higher frequency because the vibration direction was consistent with the
bonding force. The layer number of MoS, can be predicted from the interval between the
Elzg and Ajg peaks. A narrow peak interval indicates single-layer MoS,, which shows a
peak interval of approximately 21 cm~!. A wider peak interval indicates bulk MoS,. As
shown in Figure 4, Raman analysis of the MoS, grown via the sequential synthesis and
CVD methods showed that the MoS, grown using the hydrothermal method had an E! 2g
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Intensity (arb. unit)

mode of approximately 382.1 cm~! and an A1g mode of approximately 408.3 cm~ !, witha
peak interval of approximately 26 cm ™!, indicating that the MoS, grew with a thickness
of three or more layers. In contrast, the Raman analysis results of the MoS, grown using
the CVD method showed an E! 2¢ mode at approximately 384 cm~! and an Ajg mode at
approximately 405 cm~!, with a peak interval of 21 cm ™!, indicating that the MoS, grew
with a thickness between that of the monolayer and bilayer. Although variations in the
desorption and absorption of water vapor might exist due to differences in thickness, we
focused on different points.

Sapphire

Intensity (arb. unit)

1T Monolayer 2H Monolayer

200
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o -1,
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Figure 4. (a) Microscopic image, (b) SEM image, and (c) Raman spectrum of MoS; synthesized using
the hydrothermal method. (d) Microscopic image, (e) SEM image, and (f) Raman spectrum of MoS,
synthesized using the CVD method.

As shown in Figure 4c,f, a unique peak occurred at ~200 cm ™! in the hydrothermally
synthesized sample among the MoS; thin films grown using the two growth methods. This
change in the Raman peak is due to the structural change in the material itself, and it has a
shape that matches that of the 1T-phase molybdenum disulfide [30]. In the hydrothermal
method, the 2H structure is destabilized by a second solvent-thermal reaction during
sequential synthesis, and to improve the stability, to a certain extent, it is transformed into
a 1T structure. Therefore, the optimal structure in which the 2H and 1T phases coexisted is
ultimately formed [31]. Consequently, the hydrothermally synthesized MoS; develops a
1T@2H structure, and the CVD-synthesized MoS; develops a 2H structure. Cao reported
that the crystal phase is important for the gas-sensing performance [25]. The binding
energies of 1T MoS; and 2H MoS; are different, as observed via DFT modeling, which
causes the adsorption rate, sensitivity, and desorption rate of the gas to change. Therefore,
the improved sensitivity of the humidity sensor fabricated using CVD-synthesized MoS,
can be attributed to its 2H crystal phase. In addition, the rate and strength of the adsorption
and desorption of water can vary depending on the crystal phase change.

For further verification, XPS (X-ray photoelectroscopy) was used to analyze different
phase compositions of MoS;. Figure 5 shows the Mo 3d and S 2p peaks of the XPS spectra
of the CVD and hydrothermally synthesized MoS,. For the CVD-synthesized MoS,, two
distinct peaks are found at 232.6 eV and 229.4 eV, corresponding to 3d3,, and 3ds,, of
Mo**, thus indicating the presence of the 2H phase in MoS,. Additionally, the weak peak
at 226.5 eV is the S 2s of MoS,. The new peaks that appear at around 235.5 eV for Mo 3d
and 169 eV for S 2p regions can be attributed to the partial oxidation of unsaturated Mo
and S atoms in the air. These results indicate that the 2H structure of MoS, was successfully
synthesized with the CVD method.
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Figure 5. High-resolution XPS spectra of the (a) Mo 3d core level and (b) 2p core level of MoS,
synthesized via the CVD and hydrothermal methods.

As shown in Figure 5a, for the hydrothermally synthesized sample, the 3d3,, and
3ds5,, peaks are shown to be 231.4 and 228.4 eV, respectively. These values are lower than
those of the Mo** peak of the 2H MoS,. Hydrothermal synthesis generates more S defects
than 2H crystal MoS,. Additionally, it can be seen that the S 2s peak is lower than the 3d3,,
and 3ds,, peaks. In addition, in the case of the S peak, the S 2P peak also shows that the
binding energy of the hydrothermally synthesized MoS; is smaller than that of the CVD-
synthesized MoSy,. It can be seen that the half-width value is large for the hydrothermally
synthesized MoS;. This indirectly indicates that a thin film with many defects, such as S
defects, was formed. These defects impede the bonding of Mo and S ions, thus lowering
the bonding energy. These results are consistent with the previously reported results. In
addition, the results are consistent with the results of the prior to Raman analysis.

The fabrication of a respiratory sensor using MoS; grown via the hydrothermal method
was challenging owing to the desorption of the synthesized MoS; because of the slow
response. A respiration sensor using a hydrothermally synthesized MoS; thin film has a
response time of several tens of seconds, making it impossible to obtain a quick response.
Therefore, a respiration sensor was fabricated using only MoS; synthesized via CVD. A
humidity sensor was installed on the mask, as shown in Figure 6, to measure the response to
respiration, and tests were carried out under various conditions. To determine whether the
sensor responded sensitively to changes in humidity, the current response was examined
as the humidity increased in various humidity environments. For the experiment on
the humidity change, the manufactured sensor was loaded into a commercial humidity
chamber, and the current was measured while changing the humidity. In order to observe
the resistance change of the MoS, thin film placed between the two electrodes, the current
response was analyzed while the voltage was varied from 0 to 5 V. As the relative humidity
increased to 45-75%, the current significantly, linearly increased, indicating that it had
the tendency to respond sensitively to changes in the amount of water vapor emitted
during respiration. During the respiration analysis, the voltage was set at a constant
value of 5 V, while the change in the current over time was observed. To monitor the
reactivity of the sensor with respect to the distance between the nose and the sensor,
measurements were repeatedly performed at distances of 3, 5, and 10 cm. The current value
decreased as the distance increased; however, the respiratory response was maintained.
In addition, the responses to each distance exhibited almost identical current changes,
demonstrating excellent responsiveness. When measuring normal and rapid breathing,
the sensor efficiently followed rapid changes in the breathing rate, and the response and
recovery times of the sensor were measured to be approximately 0.4 s. This speed is
sufficient to measure the respiration rate of humans.
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Figure 6. (a) Voltage—current curve depending on humidity, (b) current response depending on the
distance between the nose and sensor, (c) current response depending on normal and fast breathing,
and (d) current response with single breathing.

The results of this study, indeed, confirm that the crystal structure plays a significant
role in enhancing the reaction rate for the absorption and desorption of water vapor
and respiration reactions. To achieve a more precise analysis, it is necessary to perform
DFT modeling specifically focused on the mechanisms of water vapor adsorption and
desorption while considering the crystal structure. It is also necessary to analyze the
crystallinity, doping, and defects of the MoS, thin film. By identifying the exact mechanism
through future research, it will become possible to manufacture a MoS;-based respiration
sensor with an optimal reaction speed.

4. Conclusions

In this study, the cause of the low reactivity of MoS,-based respiratory sensors was
analyzed based on the crystallinity of MoS; according to the synthesis method. The analysis
showed that the formation of the 1T@2H structure was a major cause of the slow recovery
and that the response and recovery speed improved sufficiently, enabling the sensor to
be sensitive to respiratory reactions when high-quality 2H crystal structures were formed
using CVD synthesis. These results based on methods that can be utilized as a fundamental
technology significantly contribute to efforts for improving human health by preventing
major diseases or accidents through the monitoring of abnormal breathing.
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