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ABSTRACT: Multifunctional environmental sensing is crucial for various applications in agriculture, pollution monitoring, and disease diagnosis.
However, most of these sensing systems consist of multiple sensors, leading to significantly increased dimensions, energy consumption, and
structural complexity. They also often suffer from signal interferences among multiple sensing elements. Herein, we report a multifunctional
environmental sensor based on one single sensing element. A MoS, film was deposited on the surface of a piezoelectric micro-cantilever (300x1000
pum?) and used as both a sensing layer and top electrode to make full use of the changes in multiple properties of MoS, after its exposure to various
environments. The proposed sensor has been demonstrated for humidity detection, and achieved a high resolution (0.3% RH), low hysteresis (5.6%),
and fast response (1 s) and recovery (2.8 s). Based on the analysis of the magnitude spectra for transmission using machine-learning algorithms, the
sensor accurately quantifies temperature and CO, concentrations in the interference of humidity with the accuracies of 91.9% and 92.1%,
respectively. Furthermore, the sensor has been successfully demonstrated in real-time detections of humidity and temperature or CO,
concentrations for various applications, revealing its great potentials in human-machine interactions and health monitoring of plants and human

beings.

Environmental sensors, e.g., humidity sensor, temperature sensor,
gas sensor, etc., have wide-range applications in many fields such as
pollution monitoring, internet of things (IoT), and disease diagnosis.™
31 Recently monitoring plant ecosystem and human health based on
environmental sensors has attracted extensive research attention
because of its simplicity, low cost, and non-invasive operation
capabilities.¢ However, most conventional environmental sensors
can only detect one single parameter, which is insufficient for the full
assessment of environment or health conditions.”! Therefore, there is
a great demand to develop multifunctional environmental sensors that
not only have excellent performances, e.g., high sensitivity, but also
simultaneously monitor the multiple signals.

There have been many studies to develop multifunctional sensors for
detecting different stimuli simultaneously, and they are mainly divided
into two directions.®! The first direction is to develop multimodal
sensors, which can respond to multiple stimuli,[® enabling the
detection of multiple parameters using a single sensor. For example,
Wang et al reported a multimodal sensor to detect multiple stimuli
including gases, light, strain, pressure, temperature, and humidity.t!
However, the output signals of these sensors are often a superposition
of responses to multiple stimuli, and decoupling these responses based
on a single sensor is rather difficult, which limits their wide-range
applications. Another direction is to apply a multi-sensor system,
where various sensing elements, which do not need to share the same
sensing principles, are physically integrated into one sensing system
and each sensor is assigned to detect a defined stimulus.!™ ! For
example, Xu et al proposed an integrated system composed of tilt,
strain, and humidity sensors for tracking human-body conditions.!
However, this method often leads to large dimensions of the sensor,
complex structures, and complicated fabrication processes. The
integration of multiple sensors into one platform is often linked with
significant increases in energy consumption and decreases in stability
and reliability, while the sensing platform also suffers from signal
interferences among the multiple sensing elements.4! Recently, some

multifunctional sensors based on a single sensing element and
machine learning have been developed.'s'7! However, how to detect
multiple environmental parameters simultaneously using a single
element is still a challenge.

The development of micro electro-mechanical systems (MEMS)
technology promotes the miniaturization of environmental sensors,
and many environmental sensors have been developed based on
different principles such as optical sensors, chemiresistors,
electrochemical sensors, and field effect transistors (FET).82° Among
them, piezoelectric cantilever is one of the most promising
environmental sensing platforms because of its advantages of small
size, large sensing range, compatibility with CMOS processes, and easy
interfacing with digital circuits.?" 22 The piezoelectric cantilever-based
environmental sensors usually consist of a cantilever with a sensing
layer, whose properties, such as mass, viscoelasticity, and electrical
conductivity, will be changed after its exposure to various
environments.[3] However, the metallic top electrode of the
conventional piezoelectric cantilever, which is normally covered by the
sensing layer, as shown in Figure S1, usually has excellent electrical
conductivity, which eliminates the effects of the conductivity changes
of the sensing film on the output signal of the sensor. Currently most
environmental sensors based on the piezoelectric cantilevers only
detect their resonant frequency shifts after exposure to various
environments, which are mainly due to mass changes of the sensing
film.2%! Whereas changes in other properties (e.g., viscoelasticity and
conductivity) of the sensing film for the cantilever-based sensor have
rarely been considered, leading to a serious waste of much crucial
information.®7

Two-dimensional materials such as graphene have been widely
studied for environmental sensing applications because of their
excellent electrical and mechanical properties, high surface-to-volume
ratios, versatile surface chemistry, and capability of room-temperature
detection.?® 291 For example, the resistance of graphene will be changed
after exposure to volatile organic compounds (VOCs) because of the
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Figure 1. Schematic diagrams of the proposed multifunctional environmental sensor.

doping effect of VOC molecules.?) However, graphene has often
shown weak adsorption capability to gas molecules, thus a low
sensitivity for gas sensing.3°! Compared with graphene, molybdenum
disulfide (MoS,) with excellent electrical properties exhibits larger
responses to gas molecules, and the MoS,-based environmental sensors
are often reported to have fast response and recovery.3" 32 Therefore,
MoS, is a suitable sensing material for environmental sensing
applications.

In this work, we propose a multifunctional environmental sensor
based on a single piezoelectric cantilever without conventional top
electrode, as schematically shown in Figure 1. The MoS, film was
deposited on the surface of the cantilever as both the top electrode and
sensing layer to make full use of the changes in multiple properties of
MoS, after exposure to various environments. The frequency responses
of the sensor to various humidity levels were tested and the
performances of the sensor (e.g., sensitivity and resolution) were
investigated systematically. Based on the analysis of the magnitude
spectra for transmission using machine learning algorithms, the sensor
was demonstrated to detect temperature and CO, concentration with
the interference of humidity. The sensor was further applied in real-
time detections of humidity and temperature or CO, concentration for
non-contact sensation and monitoring human breath and plant
ecosystem, as shown in Figure 1.

RESULTS AND DISSCUSSION

Characterizations of the Fabricated Sensor. The proposed
environmental sensor consists of a piezoelectric cantilever and MoS,
film, as shown in Figure 1. Figures 2a, Sza, and Szb show the optical
images of the piezoelectric cantilever. In order to make full use of the
changes in multiple properties of MoS, after its exposure to various
environments, the cantilever without conventional top electrode was
designed as shown in Figure S3. The area of the cantilever was
300%1000 pm?. An aluminum nitride (AIN) layer with a thickness of 0.5
pm was coated onto the silicon (Si) layer as the piezoelectric layer. The
thermal oxide layer, Si layer, and highly-doped surface of the Si layer
were applied as an insulating layer, structural layer, and bottom
electrode, respectively. Figure 2b shows a scanning electron
microscope (SEM) image of the proposed sensor after MOS,
deposition. A MoS, layer is formed on the surface of the cantilever.
Figure 2c shows the surface morphology of the MoS, film, revealing a
uniform MoS, film. Figure 2d shows the energy dispersive X-ray
spectroscope (EDS) analysis for the elements of Mo and S, indicating
their even distribution across the entire film.

Figure 2e shows Raman spectroscopy of the MoS, film. There are
two representative Raman absorption peaks E;; = 380.2 cm™and A, =
405.8 cm?, which can be assigned to the in-plane vibration and out-of-
plane phonon coupling mode of MoS,, respectively, indicating the few-
layer property of the MoS, film.5> 341 Figure 2f shows the Mo 3d
spectrum from the X-ray photoelectron spectroscopy (XPS) analysis of
the MoS, film. The Mo 3d spectrum can be fitted with two doublets
(Mo 3d,/,, Mo 3ds/,) with an area ratio of 2:3 and the doublet separation
was 3.15 eV. The four peaks at 235.6 eV, 232.5 eV, 231.8 eV, and 228.7 eV,
are associated with the Mo 3d,.. of Mo%, Mo 3ds, of Mo%, Mo 3d;, of
Mo+, and Mo 3ds, of Mo#*, respectively.55! The Mo® was from MoO,
caused by the oxidation of MoS,. The peak at 226.5 eV was indexed to
S*- of S 2s, which is in good agreement with the previous XPS studies.5°

Figures 2g and S4a-d show the magnitude and phase spectra for
transmission (S21) of the proposed piezoelectric cantilever operated at
the first to fourth modes and sixth-order mode before the MoS,
deposition, respectively.57 The peak to peak value of the magnitude
spectrum is quite small and the signal-to-noise ratio (SNR) of the
transmission spectra is low. Figure 2h shows resistance and reactance
spectra of the piezoelectric cantilever operated at the sixth mode
before the MoS, deposition. There is no obvious resonance peak with a
low SNR. Figure 2i and Ssa-d show the magnitude and phase spectra
for transmission of the cantilever after MoS, deposition. The peak to
peak value and SNR of the transmission spectra have been significantly
increased and the insertion loss is apparently reduced. The resonant
frequencies of the cantilever are also reduced after the MoS, deposition
because of the mass loading effect. Figure 2j shows the reactance and
resistance spectra after the MoS, deposition. There are strong
resonance peaks after the deposition of MoS, onto the cantilever.
Figures S6a and S6b show the impedance values of the piezoelectric
cantilever operated at the sixth mode before and after the MoS,
deposition. These values are reduced after the film deposition. These
results demonstrate that MoS, film works well as the top electrode.

Sensing Performances for Humidity Detection. The sensing
mechanism of the MoS,-based sensor to humidity is related to the
adsorption of the water molecules onto the surface defects in the form
of Mo-O bonds, which results in a physically absorbed water layer.58!
On the other hand, water molecules permeate into MoS, interlayers
and increase their layer spacing, which also plays a crucial role in the
responses of humidity sensing.39! The frequency shift of the proposed
sensor was applied as the response to humidity. The resonant
frequency of the piezoelectric cantilever can be calculated by,

fo = (Wi/2mL?) |Dy/m (1)
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Figure 2. Characterizations of the fabricated environmental sensor. (a) An
optical image of the piezoelectric cantilever. (b) An SEM image of the
sensor after the MoSz deposition. (c) Surface morphology of the MoSz film.
(d) EDS analysis for elements of Mo and S. (e) Raman spectrum of the MoS2
film. (f) XPS spectra for Mo 3d of the MoSz. Transmission spectra (g) and
resistance and reactance spectra (h) of the cantilever before the MoS2
deposition. Transmission spectra (i) and resistance and reactance spectra
(j) of the fabricated sensor.

where v, L, D, and m are the dimensionless eigenvalue, length,
bending modulus per unit width, and mass per unit area of the sensor
based on piezoelectric cantilever, respectively. After the adsorption of
water molecules on the surface and into the interlayers of the MoS,
film, the mass (m) increases, causing the frequency shifts of the sensor.
Mass sensitivity of the sensor based on piezoelectric cantilever can be
calculated by, !

Af/AM = (—v2/8V3rlPwp)JE/p  (2)
where E, w, p, f, and M are the Young’s modulus, width, density,
resonant frequency, and mass of the sensor, respectively. Higher-order
modes are associated with larger values of v,. In order for achieving a
good sensitivity, the frequency shift of the sixth-order resonant mode
was applied as the response of the proposed sensor to humidity.

Figures S7a-i show the magnitude and phase spectra for
transmission of the proposed sensor in the humidity range from 10% to
90% RH with an increment of 10% RH. For better visualization, they
are plotted into Figures 3a and 3b. The frequency of the sensor
decreases as the humidity increases due to the mass loading effect
caused by the adsorption of water molecules. Meanwhile, the insertion
loss is significantly reduced and the peak to peak value and shape of
the magnitude spectra are changed, which will be discussed in the next
section.

Figure 3c show the frequency responses of the sensor to various
humidity levels. The sensitivity of the sensor to humidity can be
defined as,

S = |Af|/ARH 3)
where Af and ARH are the frequency shift and humidity change,
respectively. The sensitivity of the sensor at relatively low humidity (10-
50%RH) is 130.59 Hz/%RH, whereas the sensitivity at relatively high
humidity (60-9o%RH) is 440.83 Hz/%RH. In low-humidity

environments, the water molecules are absorbed by the MoS, film,
resulting in the first physically absorbed water layer. With the increase
of humidity, water molecules are absorbed not only by the MoS, film
but also by the first water layer, resulting in an improved sensitivity.59!

Figure 3d shows the frequency shifts of the sensor at very low (5%RH
to 10%RH) and very high (90%RH to 95%RH) humidity conditions with
an interval of 1%RH. The sensitivities of the sensor at low and high
humidity conditions are ~159.86 Hz/%RH and -~550 Hz/%RH,
respectively. In order to investigate the hysteresis performance of the
proposed sensor, the humidity was changed from 10%RH to 9o%RH
and then returned to 10%RH. As shown in Figure 3e, a low hysteresis
of the sensor was obtained (5.6%). The fluctuation in frequency shifts
of the sensor was recorded at 30%RH and 80%RH, as shown in Figure
3f, indicating small fluctuations in frequency shifts. The resolution of
the sensor was calculated by,

R =30/S (4)
where o and S are the standard deviations of the frequency shift and
the sensitivity of the sensor at a given humidity. The obtained
resolutions for the sensor at 30%RH and 80%RH are 0.78%RH and
0.30%RH, respectively.

The repeatability of the sensor was tested by changing the humidity
between 0.1%RH and 9o%RH over three cycles. The time interval
between the two points was 0.2 s. Figure 3g shows the good short-term
repeatability of the sensor. Figures 3h and 3i show the detailed
response and recovery processes of the sensor. The response and
recovery times are defined as the time from when the resonant
frequencies start to change until the frequency shifts reach 90% of their
final value.9 The response and recovery times of the sensor are 1s and
2.8 s, respectively, which are much shorter than those of the literature-
reported sensors as listed in Table S1, indicating the great potential of
the proposed sensor for fast-response detection.

Detections of Temperature and CO: Concentration with the
Interference of Humidity. Figure S8 shows the equivalent circuit
model of the piezoelectric cantilever-based sensor, where C,, R,, and L,
are the “motional” components due to the electromechanical coupling.
The C, R, and L, represent the mechanical elasticity of the sensor, the
energy dissipation in vibration, and the mass of the sensor,
respectively.4?l The C, and R, indicate the feedthrough capacitance
between the top and bottom electrodes and dielectric loss in the
thickness of MoS, and AIN film, respectively.3! R; stands for the sum
of the resistances of the MoS, film and the contact resistance between
the MoS, film and the metal leads, which does not exist in the
equivalent circuit model of conventional piezoelectric cantilevers. The
resistance of the model can be written as,

R { L Ray =By A+ I/ + A +y)a? —20y(1L + @) }R
JGTh + BP A+ 1) — 20+ DI /fuc)? + A T @)

+ R, (5)
in which,
a=C/C (6)
B= R1C1/\/ L, Cy (7)
Y =Ro/Ry (8)

fre = 1/@myL;Cy) (9)
where f'is the frequency of the resistance. The resistance data of the
sensor from 935 kHz to 955 kHz were fitted using the equivalent model
with a least square method. Figure Sg shows that the fitting results
using the equivalent model are quite close to the resistance spectrum
of the piezoelectric cantilever-based sensor, indicating the high
accuracy of the equivalent circuit model.

Each component in the equivalent circuit model has a unique effect
on the transmission magnitude spectrum of the proposed sensor. For
example, L, only affects the resonant frequency but not the insertion
loss, while R only affects the insertion loss but not the resonant
frequency. Therefore, the transmission magnitude spectrum reflects
multiple properties of the sensor, such as mass, mechanical elasticity,
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Figure 3. Sensing performances of the sensor for humidity detection. (a), (b) Magnitude spectra for the transmission of the sensor at various humidity
levels. (c) Frequency shifts of the sensor from 10% to 90% RH. (d) Frequency shifts of the sensor at very low and high humidity. (e) The hysteresis
performance of the sensor. (f) The fluctuations in frequency shifts at 30%RH and 80%RH. (g) Dynamic response of the sensor to humidity. Detailed response

(h) and recovery (i) processes of the sensor.

and insertion loss, which are associated with different properties of the
MoS, film.

The CO, and water molecules are absorbed on the defects and also
inserted into interlayers of the MoS, film, thus changing the mass,
viscosity, elasticity, and electrical conductivity of the sensing film,
which are associated with the multiple components in the equivalent
circuit model. Accordingly, adsorptions of water and CO, molecules
cause the changes in position and shape of the magnitude spectrum for
transmission of the proposed sensor. The change proportions of
multiple components in the equivalent model caused by CO, and water
molecules are quite different, 4+ 45! and thus changes of the magnitude
spectra for transmission are also different. Most conventional
environmental sensors only detect changes in one single property of
the sensing film (e.g., electrical conductivity), thus causing serious
waste of much crucial information. The transmission magnitude
spectra of the proposed sensor can be used to monitor the CO, and
humidity simultaneously, thus making full use of the changes in
multiple properties of MoS,.

Figures Si0a-i show the transmission magnitude spectra of the
proposed sensor (at 50%RH) with the CO, concentration from 0% to
8%VOL and a step increment of 1%VOL. For better visualization, the
data are plotted into Figures 4a and 4b. The frequency of the sensor
decreases as the CO, concentration is increased, mainly due to the
mass loading effect caused by the adsorption of CO,. Meantime, the
insertion loss is significantly reduced because of the improvement of
electrical conductivity of the MoS, film.58 The peak to peak values of
the magnitude spectra are decreased because of the increase in energy
dissipation caused by the changes in viscosity of the MoS, film and
dielectric loss.[#5 471 Figures Sma-i to Figures S13a-i show the
magnitude spectra for transmission of the sensor with the changes of
CO, concentration at 30%RH, 40%RH, and 70%RH, respectively.
Figure 4c shows the shifts in frequency and minimum magnitude value
of the sensor vs. the changes of CO, concentration. Obviously, both of
these two parameters can be used to monitor CO, concentration.

In order to fully use the signal outputs from the piezoelectric
cantilever-based sensor, the magnitude spectra for transmission were
used to monitor CO, concentration with the interference of humidity.
As shown in Figure 4d, the magnitude spectrum was firstly discretized.
In order to restore the shape and position of the spectra with the least
amount of data, the minimum magnitude value in the spectrum (M,)

and its corresponding frequency (f;) were firstly found. Because the
difference between the corresponding frequencies of maximum and
minimum magnitude values is always less than 4.5 kHz, we take a
frequency every soo Hz on the left side of f;, a total of ten, and find
their corresponding magnitudes (M-,,, M., ..., M.). Similarly, (M,,, ...,
M.,,) were found on the right side of f, Then the resulting 22
characteristic parameters (M., ..., M., and f;) were input to an
artificial neural network (ANN) model to obtain CO, concentrations
with the interference of humidity. As shown in Figure 4d, the adopted
ANN model is composed of eight layers with 50 neurons in each layer,
which are input layer, linear layer, activation function, ...., and output
layer, respectively.

Figure ge shows the predicted CO, concentrations based on the
obtained magnitude spectra at different humidity levels using the ANN
model after 150 learning epochs, compared with the actual CO,
concentration. All the points are close to the diagonal positions,
indicating the high accuracy of the predictions. The prediction error (e)
was defined as the differences between the predicted and actual
concentrations and accuracy (p) was defined as,

p=1—lel/c (10)
in which ¢ is the actual concentration. Figure Siga shows the
prediction accuracy and error for each point, revealing the average
accuracy of 96.2%. Considering the small amount of data, the leave-
one-out cross validation (LOOCV) was applied to evaluate the
performance of the ANN model. Figure 4f shows the results of the
LOOCV for the concentration prediction and Figure Si4b shows the
corresponding accuracy and error for each point, indicating a
validation accuracy of 91.9%. In order to eliminate the error caused by
the small data amount in the dataset, the dataset was amplified 5 times
from 36 (i.e., 9 CO, concentrations x 4 humidity) to 180 data points by
the synthetic minority oversampling technique (SMOTE) method. The
amplified dataset was randomly divided into a test set and a training
set, containing 45 and 135 data, respectively. The prediction accuracy
of the ANN model for the test set is 93.3% after 150 learning epochs
using the training dataset, revealing that CO, concentration with the
interferences can be accurately monitored using the proposed sensor.

Similar to the CO, concentration, changes of temperature lead to the
multiple properties of MoS, films, such as electrical conductivity,
viscosity, and elasticity.® 47} The developed sensor was then used to
monitor the temperature with the interference of humidity. Since the
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Figure 4. Detections of temperature and CO, concentration with the interference of humidity. (a), (b) Magnitude spectra for the transmission of the sensor
at various CO, concentrations. (c) The shifts in frequency and minimum magnitude value of the sensor. (d) The scheme for CO, concentration prediction
based on transmission magnitude spectra and the ANN model. (e¢) CO, concentration predictions in various humidity backgrounds. (f) LOOCYV results for
the CO, concentration predictions. (g), (h) Magnitude spectra for the transmission of the sensor at various temperatures. (i) Temperature predictions in
various humidity backgrounds. (j) LOOCYV results for the temperature prediction.

relative humidity varies with temperature, the magnitude spectra for
transmission of the proposed sensor in the temperature range from
20°C to 50°C with a step increment of 5°C were obtained at different
absolute humidity levels. Figure Si9a-g shows the magnitude spectra
at 6.94 g/cm3 (absolute humidity). For better visualization, they are
plotted into Figures 4g and 4h. The relative humidity levels are
gradually decreased as the temperature rises, resulting in increases of
frequency and insertion loss and decreases of peak to peak value.
Figures Sz2o0a-g to Figures S22a-g show the magnitude spectra for
transmission of the sensor with the changes of temperature at 3.47 g/m3,
12.14 g/m3, and 15.61 g/m3 (absolute humidity), respectively.

These magnitude spectra at different temperatures, and also those
from 5%RH to 9o%RH at a fixed temperature of 20°C were input into
the ANN model. Figure 4i shows the predicted temperatures after 150
learning epochs vs. the actual temperatures at the different humidity
conditions. All the points are close to the diagonal positions, indicating
the high accuracy of the prediction. The prediction accuracy (p) was
defined as,

p=1-lel/T (1)

in which e and T are the prediction error and actual temperature (°C).
Figure S23a shows the prediction accuracy and error for each point,
revealing the average prediction accuracy of 95.3%. Figure 4j shows
the result of the LOOCV for the temperature prediction, and Figure
S23b shows the corresponding accuracy and error for each point,
indicating the validation accuracy of 92.1%. The above results clearly
show that temperature can be accurately detected in a background of
variable humidity levels using the proposed sensor.

Real-Time Detections of Humidity and Temperature for Non-
Contact Sensing. Based on the proposed sensor, a system was built to

detect temperature and humidity in real time for non-contact sensing,
as shown in Figure 5a. The magnitude spectrum of the sensor was
discretized and input into a trained ANN model to obtain real-time
data of both temperature and humidity. Three datasets were used to
train the ANN model. The first dataset is the magnitude spectra from
5%RH to 95%RH at 20°C. The second dataset is the transmission
magnitude spectra of the sensor with the changes of temperature at
different absolute humidity levels. Since the temperature coefficient of
frequency (TCF) of the piezoelectric cantilever-based sensor is
approximately -20 ppm/°C, 6! the relative humidity levels in the second
dataset can be calculated by the frequency. The finger, banana, and
frozen dumpling were placed close (1-5 mm) to the commercial sensor
and the proposed sensor ten times. The obtained temperature and
humidity and transmission magnitude spectra constitute the third
dataset, as shown in Figure S25-27.

To demonstrate the sensor’s capability to detect temperature and
humidity simultaneously, real-time detections of non-contact sensing
for finger, banana, and frozen dumpling were performed. Evaporation
of water molecules from a person’s skin increases the humidity
surrounding it and gradient fields of both humidity and temperature
are generated around the finger.8! As shown in Figure s5b, the
humidity level and temperature are increased when the finger is moved
close to the proposed sensor. Whereas the humidity and temperature
are recovered to their original values when the finger is moved away.
By moving the finger closer and then away from the sensor cyclically,
the proposed sensor exhibits its ability to continuously monitor
environmental humidity and temperature. The monitoring process is
detailed in Video S1 (supporting information). Figure 5¢ shows a
typical non-contact sensing process for finger, with the obtained
humidity and temperature of 90%RH and 25.5°C, respectively.
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Figure 6. Detections of the parameters for monitoring human breath and plant ecosystem.

time humidity (b) and CO, concentration (c) in human breath. (d) Photograph of the sensor attached to the leaf surface. (¢) The humidity and temperature
in plant ecosystem for 12 days. Optical images of the plant leaf after watering for 6 days (f) and 1 day (g).

Figures 5d and 5e show the typical processes of non-contact sensing
for banana and frozen dumpling, respectively. The humidity was
changed significantly and the temperature was changed slightly when
the banana was moved close to the sensor. Whereas the temperature
was apparently decreased when the frozen dumpling was moved near
to the sensor. Videos S2 and S3 show the detailed monitoring
processes for banana and frozen dumpling, respectively. Furthermore,
the finger, banana, and frozen dumpling were placed close to the
proposed sensor and the obtained humidity and temperature values
were then input to a linear discriminant analysis (LDA) model for
object recognition when the humidity is greater than 50%RH or the
temperature is lower than 19°C. The details are shown in Videos S2&S3

(top right-hand corner). Figure 5f shows the recognition results for
finger, banana, and frozen dumpling, indicating the high accuracy
(97.5%) of the object recognition using the proposed sensor. “None”
means the changes in humidity and temperature did not reach the
threshold for object recognition. These results show that the proposed
sensor has the potentials for non-contact sensing and human-machine
interfacing.

Detections of Environmental Parameters for Monitoring
Human Breath and Plant Ecosystem. The proposed sensor was then
applied to detect real-time CO, concentration and humidity in human
breath. As illustrated in Figure 6a, during the detection processes,



human exhalation was blown to the proposed sensor through a long
tube to cool down and avoid the influence of the significant influence
from the temperature of exhalation. The transmission magnitude
spectrum of the sensor was obtained and input into a trained ANN
model to obtain real-time signals of CO, concentration and humidity.
The ANN model was trained using three datasets. The first dataset was
the magnitude spectra for transmission of the sensor from 5%RH to
95%RH at 20°C. The second dataset was the magnitude spectra for
transmission of the sensor with the changes of CO, concentration at
different relative humidity levels. The exhalation was blown to both a
commercial sensor and the proposed sensor for ten times. The third
dataset was the obtained CO, concentrations and humidity levels, as
well as the transmission magnitude spectra, as shown in Figure S28.

Figures 6b and 6c show the changes of humidity and CO,
concentration in the processes of human deep breaths. The humidity
and CO, concentration are increased rapidly in the exhalation process,
which is due to the exhaled CO, and water vapor by a human. The
humidity and CO, concentration are then returned to normal values in
the inhalation process. The concentration of CO, in human exhalation
is 4.3%Vol and the humidity level occasionally exceeds 100% due to
temperature disturbances and calculation errors. The detailed sensing
process is shown in Video S4. These results show that both the
humidity and CO, concentration in the human breath process can be
continuously monitored using the proposed sensor.

The proposed sensor was further applied for long-term monitoring
of the humidity and temperature for a plant ecosystem, aiming to
monitor the external environment which will significantly affect the
growth of plants. As shown in Figure 6d, the proposed sensor was
attached to the surface of the Epipremnum aureum to detect the
humidity and temperature on the leaf surface. Figure 6e shows the
variations in humidity and temperature on the leaf surface over 12 days.
The humidity was significantly increased after watering the plants and
then decrease with the increase of past time, indicating the water
conditions of the plant affect the humidity levels on the surface of
plants. Figure 6f shows an optical image of the plant leaf after watering
for 6 days, in which the stomata were closed to prevent water loss.
Figure 6g shows an optical image of the leaf after watering for 1 day, in
which the stomata are opened to release water molecules from the
leaves, increasing humidity on the plant surface.

CONCLUSIONS

In conclusion, a multifunctional environmental sensor was proposed
based on one single sensing element. A MoS, film was deposited on the
surface of the cantilever and used as both the sensing layer and top
electrode, forming the environmental sensor. The proposed sensor
shows good performances for humidity detection, such as high
resolution (0.3%RH), low hysteresis (5.6%), and fast response (1 s) and
recovery (2.8 s). Based on the machine learning algorithms, the
temperature and CO, with the interference of humidity can be
quantified using the proposed sensor with the accuracies of 91.9% and
92.1%, respectively. Furthermore, the sensor was successfully applied
in real-time detections of humidity and temperature or CO,
concertation for non-contact sensation and monitoring human breath
and plant ecosystem. These results indicate the great potentials of the
proposed sensor in human-machine interaction and health monitoring
of plants and human beings. The scheme of this work could be easily
adapted to other multifunctional sensors.

EXPERIMENTAL SECTION

Design, Fabrication, and Characterization of the Proposed
Sensor. Figure S29 shows the schematic illustration of the proposed
sensor, which is composed of a sensing layer of MoS, and piezoelectric
cantilever based on AIN film. The piezoelectric cantilever consists of
an AIN layer of 0.5 pm and a Si layer of 10 pm. The thickness of the
insulating layer between the top and bottom electrodes is 0.2 pm. The
fabrication process of the cantilever began with a highly N-doped SOI
wafer, as shown in Figure S30. Then the thermal oxide layer, AlN layer,

and metal leads were deposited and patterned in sequence. Finally, the
device and handle layers of SOI were patterned and micromachined
into a cantilever structure successively. Then MoS, dispersion with a
concentration of 0.15 mg ml* was deposited onto the surface of the
cantilever and dried in a vacuum chamber. The MoS, dispersion was
purchased from Nanjing Xianfeng nanomaterial technology Co., Ltd.

An SEM (SU-3500, Hitachi) with an EDS (X-max20, Oxford) was used
to observe the surface morphology and obtain the element
distributions of the MoS, film. Raman spectroscopy analysis was
performed using a commercial Raman spectrometer (LabRAM HR
evolution, HORIBA JOBIN YVON). Chemical components and
bonding structures of the sensing film were studied using an XPS
(Escalab 250Xi, Thermo Fisher). Gaussian-Lorentzian method was
adopted to conduct the curve fitting and calculations for the XPS
results.

Experimental Setup. A schematic illustration of the experimental
setup for environmental sensing is shown in Figure S31. The sensor was
fixed in a metallic chamber of 86 cm3. The gas sources were split into
two components, one of which was flowed through the DI water, and
then they were mixed in the chamber. The humidity in this chamber
can be manipulated by adjusting the flow rates of the two flows. The
CO, concentration in this chamber was manipulated by adjusting the
mass flows of dry air and CO, separately. The parameters in the
chamber were calibrated by a commercial hygrometer (TASI-621) and
CO, sensor (MH-716). The transmission spectra of the sensor were
recorded using a network analyzer (Agilent E5061B) with a LabView
program. All the experiments were carried out at room temperature (20
+0.5°C).

Data Analysis Methods. The measurements were made in
triplicate, and results were expressed as the mean of the results + their
standard deviation. The transmission spectra of the sensor were
obtained by a LabVIEW program. The discretization of the spectra and
machine learning algorithms were carried out using the program in
Matlab. The 22 characteristic parameters from the transmission spectra
were input to the ANN model to obtain real-time humidity and
temperature or CO, concentration. The LDA was performed as a
supervised pattern recognition tool for object recognition. Due to the
small amount of data, the LOOCV and hold-out methods were both
applied as the validation methods to evaluate the performance of the
models. The SMOTE was adopted to amplify the datasets. Details of
the validation methods and SMOTE were shown in Supporting
Information.
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