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Abstract
Traditional humidity sensors for respiration monitoring applications have faced technical challenges, including low
sensitivity, long recovery times, high parasitic capacitance and uncalibrated temperature drift. To overcome these
problems, we present a triple-layer humidity sensor that comprises a nanoforest-based sensing capacitor, a thermistor,
a microheater and a reference capacitor. When compared with traditional polyimide-based humidity sensors, this
novel device has a sensitivity that is improved significantly by 8 times within a relative humidity range of 40–90%.
Additionally, the integration of the microheater into the sensor can help to reduce its recovery time to 5 s. The use of
the reference capacitor helps to eliminate parasitic capacitance, and the thermistor helps the sensor obtain a higher
accuracy. These unique design aspects cause the sensor to have an excellent humidity sensing performance in
respiration monitoring applications. Furthermore, through the adoption of machine learning algorithms, the sensor
can distinguish different respiration states with an accuracy of 94%. Therefore, this humidity sensor design is expected
to be used widely in both consumer electronics and intelligent medical instrument applications.

Introduction
Respiration, which is the exchange of gases between a

body and its surrounding environment, is a critical
process for supporting human life and activity1,2.
Abnormal respiration is usually a sign of an individual’s
physical problems. Many illnesses and health conditions,
including heart disease, pneumonia, bronchitis, sleep
apnea and hyperpyrexia caused by infection, will cause
changes in a person’s respiratory frequency and depth3.
Humidity sensing represents a promising approach to
establish a relationship between human respiration and
electrical signals. Therefore, the demand for humidity
sensors to be used in respiration monitoring is growing
at a tremendous rate4,5. However, applications of con-
ventional humidity sensors are generally limited by their
large size, low sensitivity, nonnegligible temperature

drift and slow responses6,7. Following the development
of microelectromechanical systems (MEMSs) in recent
decades, miniaturized humidity sensors designed using
several different principles, including capacitive, resistive,
resonant and optical sensors, have been developed8–13.
The resistive devices are small, simple and low-cost, but
this device type has the disadvantage of low test accu-
racy because of its poor antijamming capability14.
Optical sensor devices have high test accuracy, but their
micromachining processes do not match well with
integrated circuit techniques15,16. Among the different
design principles, the capacitive-type device is favored
because this device offers both better accuracy over a
wide relative humidity (RH) range and integration
convenience17.
A typical capacitive humidity sensor usually consists of

interdigital electrodes (IDEs) that are covered with a layer
of humidity-sensitive material18. The performance of
capacitive humidity sensors is restricted in terms of the
following aspects. First, the relative scarcity of high-
quality humidity-sensitive materials and the parasitic
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capacitance from the substrate limit both the sensitivity
and the accuracy of these sensors. To date, the sensitive
materials used in these devices mainly include porous
silicon, ceramics and organic materials19–25. Organic
materials such as polyimide (PI) have been widely used.
However, PI is a porous material that contains semi-
enclosed nanostructures26, and the full output range of
PI-based humidity sensors is usually only 1 to 2 pF, which
means that high-precision and high-cost application-
specific integrated circuits (ASICs) are required to match
these sensors27,28. Porous silicon and ceramics, such as
anodic aluminum oxide, exhibit better sensitivity because
they offer better hygroscopicity, but the preparation
processes for these materials are relatively complex and
are not compatible with conventional complementary
metal-oxide-semiconductor (CMOS) processing29. In
addition, Gerwen’s research30 indicates that parasitic
capacitance appears when the individual electric field lines
pass through the substrate, which will then affect both the
true value test for the humidity-sensitive capacitance and
the accuracy of the sensors31. In addition, in practical
applications, the ambient temperature affects the dielec-
tric constant of humidity-sensitive materials, which causes
the capacitance to change and thus causes inaccurate
measurement results32,33. Furthermore, when humidity
sensors of this type are used in high RH environments for
long periods, the condensation of water vapor usually
occurs on the sensor surface. This water condensation
process means that desorption of the water molecules
takes a relatively longer time and thus leads to longer
recovery times for these sensors34,35. To address these
challenging issues, a humidity-sensitive device config-
uration that can not only eliminate parasitic capacitance
and calibrate the temperature drift but can also increase
sensitivity and reduce the recovery time of the humidity
sensors is strongly needed.
In this work, a novel triple-layer humidity sensor

comprising a sensing capacitor, a reference capacitor, a
microheater and a thermistor is reported. In this sensor,
the sensing capacitor uses in situ integrated nanoforests as
the humidity-sensitive material. Because these nano-
forests are hygroscopic and are composed of fully open
nanostructures, this humidity sensor exhibits high sensi-
tivity. In addition, a reference capacitor is integrated into
the structure to prevent environmental jamming and
parasitic capacitance generation, a thermistor is added to
provide temperature compensation, and a microheater is
used to further accelerate the desorption of water mole-
cules. With all these specific design features, the proposed
sensor demonstrates excellent sensitivity, fast recovery
speeds, high accuracy and improved antijamming cap-
ability. Furthermore, the humidity sensor was implanted
into an N95 mask for monitoring different respiratory
states, and an accuracy for monitoring respiratory states

ranging up to 94% was achieved through the adoption of
machine learning algorithms. The proposed sensor is
expected to have wide-ranging applications in consumer
electronics and medical instruments.

Results and discussion
Design and fabrication
The left image in Fig. 1a shows the structures of a

traditional PI-based humidity sensor (and the inset
shows the structural details of the IDEs). As this image
illustrates, a traditional sensor is composed of a sub-
strate, IDEs and a patterned PI layer. The theoretical
capacitance model of this sensor is shown in the right
image of Fig. 1a, and according to this model, the
capacitance of the device is the sum of the capacitances
of three capacitors36,37,

CT ¼ CPI þ CSiO2 þ CSi ð1Þ

where CPI represents the capacitance of the humidity-
sensitive layer, which is given theoretically as

CPI ¼ nεPIhFinger
WGap

þ nlFingerεPI
2

ð2Þ

where n is the number of IDEs, lFinger and hFinger are the
length and thickness of the IDEs, respectively, and WGap

represents the distance between two adjacent electrodes.
εPI represents the dielectric constant of the PI layer, which
is a variable value that changes with the RH of the
environment, as shown in Eq. (3) and Eq. (4):

εPI ¼ ½γðε1=31 � ε1=32 Þ þ ε1=32 �3 ð3Þ

where ε1 and ε2 are the dielectric constants of water and
PI, respectively, and γ is the fractional volume of water
molecules in the PI.

γ ¼ γm exp½�ðRT lnx=EÞb � αðT � 298Þ� ð4Þ

where γm is the maximum fractional volume of absorp-
tion at 298 K, R is the universal gas constant, T is the
absolute temperature, x is the RH, α is the thermal
coefficient of limiting absorption, E is the free energy of
absorption, and b is an empirical factor that is determined
via trial and error38.
Additionally, CSiO2 is the parasitic capacitance gener-

ated by the electric field lines passing through the SiO2

layer:

CSiO2 ¼
nlFingerεSiO2

2
β1 ð5Þ

where εSiO2 is the dielectric constant of the SiO2 layer and
β1 is the proportional factor for the electric field lines after
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optimized allocation of these lines between the PI layer,
the silicon dioxide layer and the silicon substrate.
Furthermore, CSi is the parasitic capacitance caused by

the field lines passing through the silicon substrate:

CSi ¼ nlFingerεSi
2

β2 ð6Þ
where εSi is the dielectric constant of the silicon substrate
and β2 is the proportional factor of the electric field lines
after optimized allocation of the lines between the PI
layer, the silicon dioxide layer and the silicon substrate.
Therefore, the existence of these parasitic capacitances

(CSiO2 and CSi) results in the inaccurate determination of
the humidity-sensitive layer capacitance (CPI) and thus
also influences the sensitivity of the sensor.
Furthermore, for this type of conventional sensor, two

more disadvantages must be considered. The first is the
sensor’s inability to minimize the effects of water vapor
condensation, which causes longer recovery times. As a
result, this disadvantage means that these sensors cannot
be used in environments with rapidly changing humidity.
The second disadvantage is that temperature drift is not

considered in the sensor system, which leads to imprecise
humidity sensing.
To address these issues, a novel humidity sensor is

designed in this work, as illustrated in Fig. 1b. This device
is composed of three layers that contain a humidity-
sensing capacitor, a reference capacitor, a microheater
and a thermistor. The humidity-sensing capacitor and the
reference capacitor are located in the top of the device
with consistent IDE structures, thus forming the top layer.
The microheater and the thermistor are located in the
bottom layer. In between these layers, a silicon dioxide
film is inserted to act as an insulation layer, thus forming
the intermediate layer.
The theoretical capacitance model of this device is

illustrated in the right image of Fig. 1b, and the dif-
ferential capacitance of the novel configuration is
defined as:

CN ¼ CH � CR ð7Þ

where CH is the capacitance of the humidity-sensing
capacitor and CR is that of the reference capacitor.

Micro-heater

Micro-heater
Sensing capacitor
Reference capacitor

Sensing capacitor
Reference capacitor

ThemistorThemistor

Polyimide Metal

CN = CH – CR

CH = CNF + CP1 + CP2

CT = CPl + CSiO2 
+ CSi

CNF

CP1 CP1
,

CP2
,

CSi
CSi

CSiO2
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Fig. 1 Comparison of the structure and fabrication process between the traditional capacitive humidity sensor and the novel humidity
sensor. a Schematic diagram of structure and capacitance distribution of a traditional capacitive humidity sensor. b Schematic diagram of structure
and capacitance distribution of the proposed triple-layer humidity sensor. c Fabrication process for the nanoforest-based humidity sensor
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As illustrated in Fig. 1b, C1 and C2 can be expressed as:

CH ¼ CNF þ CP1 þ CP2 ð8Þ
CR ¼ CSi3N4 þ CP10 þ CP20 ð9Þ

Here, CNF is the capacitance of the nanoforest layer, and
CP1 and CP2 are the parasitic capacitances generated by
the electric field lines passing through the substrate and
the silicon dioxide layer, respectively. Similarly, CSi3N4

CSi3N4 is the capacitance of the Si3N4 layer, and CP1’ and
CP2’ are the parasitic capacitances in the reference capa-
citor (corresponding to CP1 and CP2 in the sensing
capacitor, respectively). With this design, the differential
capacitance (CN) is not related to the parasitic capacitance
(because CP1+CP2−CP1’−CP2’ ≈ 0). In addition, the
basic differential capacitance of the sensor can be adjus-
ted by varying the structural parameters of the reference
capacitor. In this design, a microheater is used to reduce
the device recovery time, while a thermistor (Rt) is inte-
grated into the device beside the heater to calibrate the
temperature drift and monitor the microheater’s working
state. The microheater and the thermistor are both
designed to be serpentine to provide uniform heating and
high resistance. The ground electrode is set to prevent
electromagnetic interference in practical applications,
while the electrode surfaces in the device are designed to
have large-scale roughness to assist with wire bonding.
The fabrication process of this humidity sensor is illu-

strated in Fig. 1c. First, a SiO2 layer was deposited on a Si
substrate; then, a 0.4-μm-thick Al layer was sputtered and
patterned to form the microheater, the thermistor and
their ground electrodes. A 2-μm-thick SiO2 film was
subsequently deposited on the Al layer to act as an
insulating layer, on which contact holes were then pat-
terned. Subsequently, another Al layer with a thickness
of 2 μm was sputtered and patterned to form the IDEs
and the top electrodes. The top and ground electrodes

were connected via the contact holes. Later, a 2-μm-thick
Si3N4 film was deposited and patterned on one group of
IDEs, thus forming the reference capacitor. Subsequently,
a PI layer with a thickness of ~8 μm was spin coated onto
the other group of IDEs and patterned. Finally, a reactive
ion etching (RIE) process using oxygen (O2) plasma was
used to bombard the PI pattern and form the nanoforest-
based sensing capacitor. During the etching step, the
applied radio-frequency (RF) power was 200W, and the
O2 flow rate was 50 sccm. The O2 plasma treatment
period was 30 min. Using the process described above,
the nanoforest-based triple-layer humidity sensor was
realized.

Structural and morphological characteristics
Figure 2 shows scanning electron microscopy (SEM)

images of the triple-layer humidity sensor. The dimen-
sions of the humidity sensor are 1100 μm× 890 μm, and
the areas of the nanoforest and the Si3N4 layer are exactly
the same (430 μm× 820 μm). SEM images of the nano-
forest and the results of the hydrophilicity testing (the
contact angle for a water droplet on the nanoforests is
approximately 1°) are presented in the Supplementary
Information (Fig. S1c). A ground electrode with an array
of small holes that is used to assist wire bonding is shown
in Fig. 2b. Figure 2c, d shows SEM images of the three
layers. A nanoforest (approximately 4 μm high) prepared
on the sensing capacitor and a microheater with a width
of 4 μm, which is located below the nanoforests, are
shown in Fig. 2c. Figure 2d shows the Si3N4 dielectric
layer of the reference capacitor and the thermistor, which
has the same structure as the microheater.
For the experiments, four different samples, designated

Sample-1 through Sample-4, were prepared. Sample-1,
Sample-2 and Sample-3 are three sensors based on
nanoforests that have 40, 30 and 20 pairs of IDEs,
respectively. Sample-4 is a PI-based sensor that has 40
pairs of IDEs.

Sensing capacitor

Reference capacitor

Ground electrode

IDEs

200 μm

80 μm
Micropore

Micro-heater

Nanoforests

5 μm

Thermistor

Si3N4

5 μm

a b

c

d

Fig. 2 SEM images of the triple-layer humidity sensor. a The novel humidity sensor; b The IDEs; c The sensing capacitor, where the inset shows
the microheater below the nanoforests; and d The reference capacitor, where the inset shows the thermistor located below the dielectric material
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Humidity-sensing properties
The humidity-sensing properties of the nanoforest-

based humidity sensors are illustrated in Fig. 3. As Fig. 3a
shows, the capacitance of each of the four different
sensors increases with increasing RH, and their sensi-
tivity also increases with increasing numbers of IDEs
(at 20 °C). The sensing capacitor (CH) in Sample-1 has
the highest sensitivity of 0.11 pF/%RH at 40–90% RH
(Fig. S4), which is approximately 8 times higher than that
of Sample-4 (0.014 pF/%RH). In addition, the resolutions
of the sensor are 0.72% RH and 0.075% RH at 10–40%
RH and 40–90% RH, respectively. Because Sample-1 is
the most sensitive of the four sensors, this device was
used for further investigations. As illustrated in Fig. 3b,
the reference capacitance (CR) of this device remains
stable (at approximately 3.85 pF) under different RH
conditions, thus meaning that the differential capaci-
tance (CN= CH− CR) can be used in this sensor. The
following capacitance response results were all processed
using the difference method.
In practical applications of humidity sensors, repeat-

ability is a critical performance indicator. As shown in
Fig. 3c, the continuous response and recovery curves of
Sample-1 at 10% RH and 90% RH were stable, and the
humidity-sensing response at 10% RH was maintained at
1.92 pF, while the corresponding response at 90% RH was
8.15 pF. These results demonstrate that the nanoforest-
based humidity sensor provides excellent repeatability and

stability under different RH conditions. Figure 3d shows
the real-time capacitance variations of the device when
the RH conditions varied from 10% to 90% (the inset
shows the capacitance response curves of the humidity
sensor from 10% RH to 40% RH and 40% RH to 10% RH).
These results demonstrate that the nanoforest-based
humidity sensor provides perfect sensitivity over a wide
RH range. Figure 3e shows the stability of the humidity
sensitivity of Sample-1.
Temperature drift is another important performance

characteristic for humidity sensors. Figure 4a shows the
capacitance curves for the sensor at three different tem-
peratures. As the curves show, the device maintains high
sensitivity at different temperatures with a positive tem-
perature coefficient. It is known that relative humidity is
the ratio of the absolute humidity in the air to the satu-
rated absolute humidity at the same temperature; a higher
temperature leads to higher saturated absolute humidity,
which represents the maximum number of water mole-
cules that can be contained per unit volume of air at this
temperature. Therefore, under the same relative humidity
conditions, there are more water molecules at a higher
temperature, which results in more water molecules being
absorbed by the humidity-sensitive material. Therefore,
for most capacitance-based humidity sensors, there will
be an increment in capacitance when the temperature is
rising. Figure 4b illustrates the long-term stability of the
sensor. The results demonstrate that the capacitance
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response of the sensor remained stable over 8 weeks of
monitoring.
Humidity sensors are often used in complex gas envir-

onments, and the sensor specificity is thus particularly
important. To verify the specificity of this type of sensor,
its response was tested in different gas environments
containing carbon dioxide (100 ppm), ethylene glycol
(500 ppm) and ethanol (100 ppm), and the results were
compared with the sensor’s response at 90% RH. As
Fig. 4c illustrates, the humidity sensor showed little
response to these other gases, thus verifying the good
selectivity of the sensor.

Temperature-sensing properties
Because aluminum has a positive temperature coeffi-

cient, the resistance of the aluminum-based thermistor
increases with increasing temperature. In the experiment,
the chamber was set to different temperatures (initially
increasing from 10 °C to 50 °C with a step of 5 °C and
returning to 10 °C with the same step size), and the
resistance of the thermistor varied accordingly between
897.7Ω and 1039.3Ω, showing a linear tendency (Fig. 5a).
These results indicate that the thermistor performance

shows excellent linearity within the range from 10 °C to
50 °C.
Furthermore, when the RH increases from 10% to 90%

at 30 °C, the resistance of the thermistor also remains
stable (Fig. 5b). This indicates that the thermistor’s
resistance is not affected by the RH. Figure 5c shows the
long-term stability characteristics of the thermistor. In
practical applications, the ambient temperature could be
detected using the thermistor before taking humidity
measurements, thus enabling the temperature drift issue
to be addressed; this could greatly enhance the accuracy
of the measured humidity value and expand the potential
application fields of the sensor.

Microheater performance
The evaporation rate of water is largely dependent on

the surrounding temperature. When the microheater is
operating within the sensor, the surrounding temperature
of the sensor will then increase to a stable value, which is
further determined by the voltage applied to the sensor.
The relationship between the applied voltage and the
recovery time for the sensor is illustrated in Fig. 6a–d.
When the micro-heater was not operating (i.e., when the
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applied voltage was 0 V and the surrounding temperature
was 25 °C), the recovery time was approximately 11.1 s
(Fig. 6a). However, when the applied voltage was
increased to 4 V (and the temperature surrounding the
sensor was increased to 31.3 °C), the recovery time was
reduced to 7.7 s (Fig. 6b), and the time was reduced fur-
ther to only 5 s when the applied voltage reached 10 V. In
this state, the temperature of the microheater rose to
71.2 °C (Fig. 6c). The relationship between the operating
voltage and the recovery time is shown in detail in Fig. 6d.
The sensor recovery time is reduced by 6.1 s through the
use of the microheater. However, the shortening of
the recovery time is also limited by the response time of
the microheater.
The response time and the working temperature of the

microheater can be monitored using the thermistor. As
shown in Fig. 6e, the microheater’s response time
remained at approximately 4.7 s when several different
voltages (2 V, 4 V, 8 V and 10 V) were applied to the
microheater. However, as shown in Fig. 6f, the thermistor-
detected temperatures showed few differences compared
to those obtained from the infrared imaging results. There
is a small deviation (the maximum deviation is 3.6 °C)
caused by the heat lost from the device surface via heat
conduction. However, the microheater operates at 10 V,

which means that this deviation does not affect the rough
estimate of the working temperature.

Human respiratory monitoring
The respiratory monitoring process mainly includes

respiratory depth monitoring and respiratory frequency
monitoring. Different respiratory states are closely related
to different respiratory diseases39–41. From this perspec-
tive, human respiratory monitoring is of interest for both
consumer applications (e.g., exercise monitoring) and
medical diagnosis (e.g., sleep apnea detection)42,43. In the
experiments, we placed our humidity sensors inside sev-
eral masks with breathing holes. Then, data were recorded
at different respiratory states when volunteers were
wearing these masks (as shown in Fig. 7a). During the
exhalation process, when the gas flow is highly moistur-
ized (compared with the RH of the environment), the
water vapor adheres to the surface of the nanoforests, thus
resulting in a significant increase in capacitance. This
sensor can thus be used for human respiratory monitoring
while ignoring the effects of environmental humidity
fluctuations. In contrast, during the inspiration process,
the external gas flow from the surrounding environment
removes the water vapor from the device surface, meaning
that the relative humidity level around the sensor is

0 0

11.1 s 9.7 s 5 s

60% RH 60% RH 60% RH

a

d e f

b c
90% RH

90% RH
90% RH

0 V 4 V 10 V25 °C 31.3 °C 71.2 °C

3

4

5

6

7

8

9

3

4

5

6

7

8

9

50
Time (s)

Voltage(V) Voltage (V)

T
im

e 
(s

)

Time (s)

Time (s)

C
N

 (p
F

)

C
N

 (p
F

)

3

4

5

6

7

8

9

C
N

 (p
F

)

100 150 0 50
Time (s)

100 150

0 0

on

off

Infrared temperature
measurement curve

Self-detection temperature
measurement curve

T
em

pe
ra

tu
re

 (
°C

)

T
em

pe
ra

tu
re

 (
°C

)

20
20

30

40

50

60

70

80

20

30

40

50

60

70

80

40 60 80 0 2 4 6 8 10

2 V
4 V
8 V
10 V

0.0
4

5

5.8
5

5.376

7

8

9

9.710

10.811
11.1

12

2 4 6 8 10

50 100 150

Fig. 6 Performance test of microheater. a–c Recovery curves for the sensor at different heating temperatures; the insets show infrared images of
the microheater at different voltages. (d) Recovery times of the humidity sensor when the microheater is operating at different voltages. e Response
time curves of the thermistor when the microheater is operational. f Infrared temperature measurement curve and self-detection temperature
measurement curve of the microheater

Chen et al. Microsystems & Nanoengineering            (2022) 8:44 Page 7 of 11



approximately the same as that of the surrounding
environment. The capacitance variations in the sensor
during four complete respiration cycles are illustrated in
Fig. 7b, and the results obtained for the simulated apnea
syndrome are shown in Fig. S8. These results confirm that
the sensor can successfully track every breath of the
volunteer.
The nonobstructive feature of the proposed sensor

allows continuous in situ monitoring when used as a
wearable device. Therefore, this type of humidity sensor
can be used to record respiratory depths and frequencies
for people with different respiratory states. For an adult,
the duration of a typical respiration cycle is 3–4 s, but

different people may have different breathing frequencies.
In our experiment, four healthy volunteers were selected,
and the same humidity sensor was inserted into four
masks to monitor the respiratory rates of these volunteers
(detailed data are shown in the Supplementary Informa-
tion (Fig. S8)). Figure 7c shows the monitoring results,
which are 24, 19, 15 and 18 times per minute for the four
volunteers.
Figure 7d shows the capacitance variations of volunteer

no. 2 in the three respiratory modes recorded by the sensor,
which are the deep breathing mode (~13 times/min, e.g.,
during sleep or yoga), the normal mode (~20 times/min,
e.g., when reading or studying) and the fast mode
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(~30 times/min, e.g., during walk or exercise). The results
illustrate that the sensor can distinguish the status of a
body by detecting variations in respiratory rates and
depths. Furthermore, because respiratory monitoring
requires the humidity sensor to operate in a high humidity
environment for long periods, its long-term stability is
extremely important. As illustrated in Fig. 7e, the respira-
tory monitoring signals from the sensor remained stable
after use for 12 months.
Machine learning plays an important role in the sensing

field due to its powerful data analysis and mining cap-
abilities. In this work, humidity testing data were analyzed
using machine learning algorithms to improve the accu-
racy of respiratory state prediction for volunteers. The
flow chart for the respiratory state recognition algorithm
based on machine learning is shown in Fig. 7f. The
humidity testing data were recorded from experiments
involving volunteers. These data were then divided into
a training dataset (1600 sets) and a testing dataset
(400 sets). In the training dataset, there were 400 sets for
each of the four states, including normal breathing, fast
breathing, deep breathing and speaking. In addition, in the
training dataset, there were 100 sets for each of the four
states. These datasets were imported into the Python 3.8
development environment for feature extraction, nor-
malization and model testing using the Numpy library

and Scikit-learn library. To determine the best prediction
model for each respiratory state, four different algorithms,
including the K-nearest neighbor (KNN), decision tree,
random forest and backpropagation neural network
(BPNN) algorithms, were used. The recognition accuracy
rates for the respiratory state recognition algorithms are
shown in the Supplementary Information (Fig. S11).
Among these algorithms, the BPNN algorithm showed
the highest accuracy rate of up to 94% (the detailed
classification accuracy for the four different states based
on the BPNN algorithm are shown in Fig. 7g), which
indicates that the use of the sensor in consumer
electronics and intelligent medical instrument applica-
tions is feasible.

Sensing mechanism
Figure 8 is a schematic diagram showing the mechanism

of the nanoforests used for the humidity sensing. In the
low humidity range of 10–40%RH, a small number of
water molecules are more likely to be chemisorbed at the
active sites (hydrophilic carboxyl (-COOH) and hydroxyl
(-OH)) around the nanoforests through hydrogen bonds,
which causes only a capacitance increase of 1 pF. When
the RH increases to a certain extent, the chemisorption
active sites are all occupied. Then, with the increase in
RH, physisorption takes place and begins to create a layer
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Fig. 8 Humidity-sensing mechanism of the nanoforests. Schematic diagram of the water molecules adsorption (left) and desorption (right) on
the surface of the nanoforests
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of water molecules, which are weakly bonded by van der
Waals interactions. As the humidity level rises further,
more water molecules are adsorbed by this first physi-
sorption layer through hydrogen bonding, thereby form-
ing the second through the nth layers of the water
molecules, which, as a result, causes a 5 pF increase in
capacitance. Based on the synergy between chemisorption
and physisorption, the relationship between relative
humidity and capacitance obtained experimentally in
Fig. 3a is nonlinear, and there is an obvious critical point
at 40% RH. In summary, the measurement results vali-
dated this sensing mechanism.
In contrast, during the desorption process, when the

microheater is operating, the temperatures of the nanoforest
and the surrounding environment are increased. The
movement of the water molecules thus becomes more vig-
orous, and both the chemical and hydrogen bonds break-
down more rapidly, which results in the faster evaporation
of water molecules. As a result, the sensor’s recovery time is
only 5 s, which is much shorter than that of previously
reported capacitive and resistive humidity sensors, as listed
in Table. S1 in the supplementary information.

Conclusion
In summary, we have proposed a novel humidity sensor

that contains a sensing capacitor, a reference capacitor, a
thermistor and a microheater to improve the sensing per-
formance. When compared with traditional PI-based
humidity sensors, the sensitivity of the proposed device
with in situ integration of the nanoforests is enhanced
significantly. In addition, by adding a microheater, a ther-
mistor and a reference capacitor to the sensor, the pro-
posed humidity device gains the ability to self-improve its
signal accuracy and self-reduce its response time, in addi-
tion to its self-detection ability. Theoretical analyses and
experimental tests were performed to investigate the effects
of the number of IDEs and the heating temperature on the
humidity sensing performance, and the advantages of the
difference method used in the device were demonstrated.
Based on the excellent performance demonstrated by the
sensor and by using machine learning algorithms, we used
the humidity sensor for the respiratory monitoring of
human breathing. It is expected that such a highly sensitive
humidity sensor will be used widely in the future in a
variety of commercial applications.

Materials and methods
Materials
PI (ZKPI-5100) was purchased from POME Technology,

Beijing, China. The gases (CO2, N2) used in the device
calibration process were stored in steel cylinders purchased
from Guangyun Gas Co., Ltd., Wuxi, China. The ethylene
glycol and ethanol used in the experiments were of analy-
tical purity and were purchased from Sinopharm Chemical

Reagent Co., Ltd., Shanghai, China. The masks used for the
insertion of the sensors were purchased from 3M China.

Characterization and test methods
A high-resolution scanning electron microscope (Gemi-

niSEM 300, Carl Zeiss, Jena, Germany) and a focused ion
beam (FIB) system (Helios G4 CX, Thermo Fisher Scien-
tific, Waltham, USA) were used to investigate the humidity
sensor structures. The humidity sensor was secured in a
window-type TO package that was then connected to a
printed circuit board layer through wire bonding. To
evaluate the humidity-sensing capability of the sensor, it
was placed in the chamber of a temperature-humidity
generator (HG2-S, Rotronic, Switzerland). Capacitance
signals were collected using a high-precision multimeter
(DMM6500, Keithley, USA). The working temperatures of
the microheater at different voltages were tested using an
infrared imaging measurement system (MicroOptics
Research IR, Beijing, China). The working voltage for the
microheater was applied using a DC power supply (Victor
3005 A, China). To evaluate the specificity of the humidity
sensor in different gas environments, the sensor was placed
in a chamber in which the gas concentrations could be
controlled (DGL-3, ELITE TECH, China).
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