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Abstract—Resonant cantilever based on piezoelectric 
materials is one of the most promising platforms for 
real-time humidity sensing.  In this letter, we propose a 
humidity sensor based on an AlN piezoelectric 
microcantilever with a high-order resonant mode and a 
sensing layer of MoS2. The top electrode of cantilever is 
designed into two groups of segmented electrodes in order 
to achieve a high intensity of the resonance peak of the 
cantilever resonator operated at a high-order mode.  
Compared with the humidity sensor based on a standard 
cantilever with the same dimension, the sensitivity of the 
newly proposed humidity sensor is increased from 5.99 to 
778 Hz/%RH when the humidity is about 80%RH. The 
resolution is increased from 0.21%RH to 0.025%RH 
because of the improvement of the ratio of sensitivity to 
noise, which cannot be achieved simply by increasing the 
frequency. The sensor shows a low hysteresis (5.8%) in a 
wide humidity sensing range from 10%RH to 90%RH. 
Moreover, the proposed humidity sensor has good 
short-term repeatability, fast response (0.6 s) and recovery 
(8 s) to humidity changes, indicating its great potential for 
fast-response detection. 

 
Index Terms—AlN piezoelectric cantilever, high resolution, 

humidity sensor, MoS2.  

 

I. INTRODUCTION 

UMIDITY  sensor with high sensitivity and resolution, fast 

response, and wide-range sensing capability is  promising 

for many applications such as agriculture/planting, food 

storage, and medical diagnosis [1]-[3]. Humidity sensors based 

on various working principles such as resistance, capacitance, 

electrochemical sensor, field effect transistor (FET), optical 

sensor, and mechanical acoustic wave, have been studied for 

decades [4]-[6]. A piezoelectric resonant cantilever is one of 
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the most promising platforms for real-time humidity sensing 

owing to its high sensitivity, quick response, easy interfacing 

with digital signal processing, and ability of self-sensing and 

self-exciting [7], [8].  

Humidity is usually monitored through detecting the shift of 

resonant frequency of piezoelectric resonant sensors [9]. The 

sensitivity of these sensors can be improved by using resonators 

with a higher resonant frequency [10]. High-order modes are 

often used to increase the resonant frequency of the 

piezoelectric cantilever [11]. However, these high-order modes 

of the cantilever resonator often show low intensities of 

resonance peaks, which will cause low signal to noise ratio, 

thus not suitable for humidity sensing [12].  

Properties of the sensing material greatly affect the responses 

of the humidity sensor and different humidity-sensing materials 

have been proposed, such as ceramics, metal oxides, polymers, 

and nanomaterials [5]. Two-dimensional (2D) materials are 

ones of the most promising materials for humidity sensing 

applications, because of their large surface areas, excellent 

mechanical properties, and capabilities of precise detection at 

room temperature [13], [14]. Recently, humidity sensors based 

on molybdenum disulfide (MoS2) have shown good 

performance [15]. MoS2-based humidity sensors were reported 

to have high sensitivity, fast response and recovery [16]. 

In this work, an AlN/silicon cantilever resonator was 

fabricated. In order to achieve high intensity of the resonance 

peak of the cantilever resonator operated at a high-order mode, 

the top electrode of the piezoelectric cantilever was divided into 

two groups of segmented electrodes for better 

electromechanical transduction. Then MoS2 thin film was 

deposited on the surface of the cantilever to form a humidity 

sensor, which was exposed to a range of humidity conditions. 

The sensitivity, frequency stability, and resolution of the 

proposed humidity sensor were investigated and compared with 

those based on a standard AlN cantilever resonator. We also 

investigated the hysteresis, short term repeatability, response 

and recovery time of this humidity sensor. 

II. DESIGN AND FABRICATION 

The proposed humidity sensor consists of a piezoelectric 

cantilever based on AlN and a sensing layer of MoS2, as shown 

Dongsheng Li, Hanyong Dong, Zihao Xie, Qian Zhang, Mengjiao Qu, Yongqing Fu, and Jin 
Xie, Member, IEEE 

High Resolution and Fast Response of Humidity 
Sensor Based on AlN Cantilever with Two 

Groups of Segmented Electrodes 

H 



First Author et al.: Title 9 

 
Fig. 1. (a) Schematic of the proposed humidity sensor. Photograph of 
the AlN cantilever with two groups of segmented electrodes before (b) 
and after (c) coating with MoS2. (d) Photograph of the standard AlN 
cantilever. 
 

 
Fig. 2. Elemental mapping images (a) and Raman spectrum (b) of MoS2. 
 

in Fig. 1a. The area of the cantilever is 300x1000 μm2. The top 

electrode is divided into two groups of segmented electrodes 

(Fig. 1b), in which one group is used as the activating electrode 

and the other group is used as the receiver for signals. The AlN 

piezoelectric cantilever was made of bi-layers of 10 μm-thick 

Si and 0.5 μm-thick AlN. Bimetallic layer of 1 μm aluminum 

and 20 nm chrome was deposited and patterned on the surface 

of AlN layer by evaporation and lift-off process to form the top 

electrodes. The cantilever was released from backside by 

etching silicon substrate through a standard deep reactive ion 

etching process [12]. The fabricated cantilevers are shown in 

Figs. 1b and 1d.  

Then the dispersed (0.4 μL) MoS2 in deionized water with a 

concentration of 0.1 mg/ml was dropped on the cantilever and 

dried in a vacuum chamber, thus forming a sensing layer, as 

shown in Fig. 1c. The thickness of the MoS2 film is about 150 

nm. MoS2 dispersion is purchased from “Nanjing/Jiangsu 

XFNANO Materials Tech Co., Ltd”. Fig. 2a shows the 

elemental maps of the MoS2 film, revealing uniform 

distributions of Mo and S. Raman spectrum of the MoS2 film 

shows two main peaks: E2g peak (roughly at 384 cm-1) and A1g 

peak (roughly at 405 cm-1), as shown in Fig. 2b. 

The humidity-sensing test was carried out by a custom-made 

humidity sensing system, which has been reported in details in 

our previous work [17]. The temperature was kept at 22.5 ± 

0.5°C during the humidity test. 
 

III. RESULTS AND DISCUSSION 

Fig. 3a shows the experimentally obtained T/R transmission 

curves with a frequency range from 10 kHz to 500 kHz of the 

conventional piezoelectric cantilever which is shown in Fig. 1d. 

There is no obvious resonance peak when the frequency 

exceeds 500 kHz due to the low intensity of the resonance peak 

of the piezoelectric cantilever. Fig. 3b shows the obtained T/R 

transmission curve of the newly proposed piezoelectric 

cantilever within the frequency range from 2.78 MHz to 2.83 

MHz. There are remarkable resonance peaks in the 

transmission curve of the proposed cantilever. The insets in 

Figs. 3a and 3b present the corresponding vibration modes from 

finite element analysis. The intensity of the resonant peak for 

the cantilever operated at around 2.8 MHz is intensively 

improved by applying two groups of segmented electrodes. Fig. 

3c shows the measured transmission curve of the proposed 

cantilever after coated with MoS2 film. The resonant frequency 

is slightly reduced after MoS2 coating.  

For the conventional piezoelectric cantilevers excited with 

one single top electrode, the piezoelectric stress matches the 

fundamental vibration mode efficiently, and the piezoelectric 

stress always does positive work on the cantilever at this 

fundamental resonant frequency. Nevertheless, when the 

cantilever works at a higher mode, the piezoelectric stress no 

longer matches with the vibration mode [18]. A part of 

piezoelectric stress will have negative effect on vibration of the 

cantilever, which causes inefficient electromechanical 

transduction and thus a low intensity of the resonance peak of 

the cantilever [17]. By dividing the top electrodes into two 

groups of segmented electrodes, the piezoelectric stress 

generated by electrodes could match the high-order vibration 

mode, and therefore a high intensity of the resonance peak can 

be achieved. 

Fig. 4a shows resonant frequency shifts of the conventional 

cantilever-based humidity sensor operated at different modes 

when the humidity level is changed from 10%RH to 90%RH 

with an interval of 10%RH. The resonance frequency of the 

piezoelectric cantilever can be calculated by [19], 

  

 
Fig. 3. (a) T/R transmission curve of the normal piezoelectric cantilever. 
Transmission curve of the proposed AlN cantilever before (b) and after 
(c) coating. 
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Fig. 4. Frequency responses of the normal cantilever-based humidity 
sensor working at different modes (a) and the newly proposed humidity 
sensor (b) when relative humidity changes from 10%RH to 90%RH. (c-h) 
Fluctuations of the resonant frequencies of the sensors at various 
conditions. 

 

                               ( )2 22n n pf v L D m=                  (1) 

 

where Dp, L, m, and vn are the bending modulus per unit width, 

the length, the mass per unit area, and dimensionless eigenvalue 

of the cantilever, respectively. After the absorption of water 

molecules on the surface and in the interlayer of the MoS2 film 

[20], the mass (m) increases, causing the frequency shift of the 

humidity sensor. 

The frequency shift is not linearly related to humidity change 

and the sensitivity of the sensor is quite high when the humidity 

level is relatively high. We take the average sensitivities in the 

ranges of from 10%RH to 30%RH and 70%RH to 90%RH as 

those at 20% RH and 80%RH, respectively, considering the 

nonlinearity of the frequency shift. The sensitivities of the 

sensor based on the first three modes of the standard cantilever 

are 5.99, 27.4, 63.7 Hz/%RH, respectively, when the humidity 

is about 80%RH. Frequency shifts of the newly proposed 

humidity sensor with the changes of humidity are shown in Fig. 

4b. The sensitivity is 778 Hz/RH% when the humidity is about 

80%RH, which is much higher than that of the standard sensor. 

The sensitivity of the newly proposed humidity sensor is 

improved with the increase of the frequency of the cantilever 

resonator [19], [21]. 

The resolution of the humidity sensor, i.e., the minimum 

humidity change that can be distinguished, is calculated based 

on the signal-to-noise ratio (S/N > 3), using the following 

equation [22]: 

 

                                     3 /R N S=                                   (2) 

 

where R, N, S are resolution, standard deviation of resonant 

frequency, and sensitivity of the sensor. The fluctuations of 

the resonant frequencies of the sensors at various conditions 

are shown in Figs. 4c-h. The resolutions of the conventional 

sensor based on its first mode are 1.67%RH and 0.21%RH at 

20%RH and 80%RH, respectively. The resolutions of the 

conventional sensor based on its third mode are 2.44%RH and 

0.29%RH at 20%RH and 80%RH, respectively. The 

resolution of the sensor cannot be improved simply by 

increasing the frequency. Whereas the resolutions of our 

newly proposed sensor are improved to 0.3%RH and 

0.025%RH at 20%RH and 80%RH, respectively. The 

improvement of resolution is mainly attributed to the 

suppression of noise level because of the improved intensity 

of the resonance peak. The proposed sensor also shows a very 

low hysteresis (5.8%) in a wide humidity range, as shown in 

Fig. 4b.  

The frequency shifts of the proposed humidity sensor were 

further recorded with a time interval of 0.2 s when the 

humidity was changes between 10%RH and 80%RH for five 

cycles. An excellent repeatability is observed over these five 

cycles of tests, as shown in Fig. 5a. The response time is 

defined as the time period from resonant frequency starts to 

change until the frequency shift reaches 90% of its final value. 

Fig. 5b shows that the proposed sensor has both fast response 

(0.6 s) and recovery (8 s) to humidity change, which 

demonstrates its great potential for high-speed humidity 

detections.  
 

 
Fig. 5. (a) Dynamic response and (b) detail response and recovery 
process of the humidity sensor. 

IV. CONCLUSION 

We propose a humidity sensor based on an AlN piezoelectric 

cantilever operated at a high-order mode and a sensing layer of 

MoS2. The top electrode of the cantilever is divided into two 

groups of segmented electrodes in order to obtain a high 

intensity of the resonance peak of the cantilever resonator 

operated at a high-order mode. The sensitivity of the proposed 

humidity sensor is up to 778 Hz/%RH, and the resolution is up 

to 0.025%RH because of the improvement of the ratio of 

sensitivity to noise, when the humidity is ~80%RH. Moreover, 

the proposed sensor has low hysteresis (5.8%), good short-term 

repeatability, fast response (0.6 s) and recovery (8 s) to 

humidity change.  



First Author et al.: Title 9 

REFERENCES 

[1]      L. Lan, X. Le, H. Dong, J. Xie, Y. Ying, and J. Ping, "One-step and 

large-scale fabrication of flexible and wearable humidity sensor based on 

laser-induced graphene for real-time tracking of plant transpiration at 

bio-interface," Biosens. Bioelectron., vol. 165, p. 112360, Oct. 2020, doi: 
https://doi.org/10.1016/j.bios.2020.112360. 

[2]      L. Ma, R. Wu, A. Patil, S. Zhu, Z. Meng, H. Meng, C. Hou, Y. Zhang, Q. 
Liu, R. Yu, J. Wang, N. Lin, and X. Y. Liu, "Full-Textile Wireless 

Flexible Humidity Sensor for Human Physiological Monitoring," Adv. 

Funct. Mater., vol. 29, no. 43, p. 1904549, 2019, doi: 
https://doi.org/10.1002/adfm.201904549. 

[3]      Z. Duan, Y. Jiang, M. Yan, S. Wang, Z. Yuan, Q. Zhao, P. Sun, G. Xie, X. 
Du, and H. Tai, "Facile, Flexible, Cost-Saving, and 

Environment-Friendly Paper-Based Humidity Sensor for 

Multifunctional Applications," ACS Appl. Mater. Interfaces, vol. 11, no. 
24, pp. 21840-21849, Jun. 2019, doi: 10.1021/acsami.9b05709. 

[4]       Z. Duan, Y. Jiang, Q. Zhao, S. Wang, Z. Yuan, Y. Zhang, B. Liu, and H. 
Tai, "Facile and low-cost fabrication of a humidity sensor using naturally 

available sepiolite nanofibers," Nanotechnol., vol. 31, no. 35, p. 355501, 

Jun. 2020, doi: 10.1088/1361-6528/ab932c. 

[5]      H. Tai, Z. Duan, Y. Wang, S. Wang, and Y. Jiang, "Paper-Based Sensors 

for Gas, Humidity, and Strain Detections: A Review," ACS Appl. Mater. 
Interfaces, vol. 12, no. 28, pp. 31037-31053, Jul. 2020, doi: 

10.1021/acsami.0c06435. 

[6]       Z.-H. Duan, Q.-N. Zhao, C.-Z. Li, S. Wang, Y.-D. Jiang, Y.-J. Zhang, 
B.-H. Liu, and H.-L. Tai, "Enhanced positive humidity sensitive 

behavior of p-reduced graphene oxide decorated with n-WS2 
nanoparticles," Rare Met., Aug. 2020, doi: 

10.1007/s12598-020-01524-z. 

[7]      J. Zhao, Y. Zhang, R. Gao, and S. Liu, "A new sensitivity improving 
approach for mass sensors through integrated optimization of both 

cantilever surface profile and cross-section," Sens. Actuators, B, vol. 206, 
pp. 343-350, Jan. 2015, doi: https://doi.org/10.1016/j.snb.2014.09.033. 

[8]      W. Pang, H. Zhao, E. S. Kim, H. Zhang, H. Yu, and X. Hu, "Piezoelectric 

microelectromechanical resonant sensors for chemical and biological 
detection," Lab on a Chip, vol. 12, no. 1, pp. 29-44, 2012, doi: 

10.1039/C1LC20492K. 
[9]      Y. Guan, X. Le, M. Hu, W. Liu, and J. Xie, "A noninvasive method for 

monitoring respiratory rate of rats based on a microcantilever resonant 

humidity sensor," J. Micromech. Microeng., vol. 29, no. 12, p. 125001, 
Oct. 2019, doi: 10.1088/1361-6439/ab43e8. 

[10] F. Lochon, I. Dufour, and D. Rebière, "An alternative solution to 
improve sensitivity of resonant microcantilever chemical sensors: 

comparison between using high-order modes and reducing dimensions," 

Sens. Actuators, B, vol. 108, no. 1, pp. 979-985, Jul. 2005, doi: 
https://doi.org/10.1016/j.snb.2004.11.086. 

[11] R. Gao, Y. Huang, X. Wen, J. Zhao, and S. Liu, "Method to Further 
Improve Sensitivity for High-Order Vibration Mode Mass Sensors with 

Stepped Cantilevers," IEEE Sens. J., vol. 17, no. 14, pp. 4405-4411, 

2017, doi: 10.1109/JSEN.2017.2712629. 
[12] X. Le, L. Peng, J. Pang, Z. Xu, C. Gao, and J. Xie, "Humidity sensors 

based on AlN microcantilevers excited at high-order resonant modes and 
sensing layers of uniform graphene oxide," Sens. Actuators, B, vol. 283, 

pp. 198-206, Mar. 2019, doi: https://doi.org/10.1016/j.snb.2018.12.021. 

[13] J. Cai, C. Lv, E. Aoyagi, S. Ogawa, and A. Watanabe, "Laser Direct 
Writing of a High-Performance All-Graphene Humidity Sensor Working 

in a Novel Sensing Mode for Portable Electronics," ACS Appl. Mater. 

Interfaces, vol. 10, no. 28, pp. 23987-23996, Jul. 2018, doi: 

10.1021/acsami.8b07373. 

[14] B. Du, D. Yang, X. She, Y. Yuan, D. Mao, Y. Jiang, and F. Lu, 
"MoS2-based all-fiber humidity sensor for monitoring human breath 

with fast response and recovery," Sens. Actuators, B, vol. 251, pp. 
180-184, Nov. 2017, doi: https://doi.org/10.1016/j.snb.2017.04.193. 

[15] J. Zhao, N. Li, H. Yu, Z. Wei, M. Liao, P. Chen, S. Wang, D. Shi, Q. Sun, 

and G. Zhang, "Highly Sensitive MoS2 Humidity Sensors Array for 
Noncontact Sensation," Adv. Mater., vol. 29, no. 34, p. 1702076, Sep. 

2017, doi: https://doi.org/10.1002/adma.201702076. 
[16] S. Yadav, P. Chaudhary, K. N. Uttam, A. Varma, M. Vashistha, and B. C. 

Yadav, "Facile synthesis of molybdenum disulfide (MoS2) quantum dots 

and its application in humidity sensing," Nanotechnol., vol. 30, no. 29, p. 
295501, Apr. 2019, doi: 10.1088/1361-6528/ab1569. 

[17] D. Li, X. Le, J. Pang, and J. Xie, "An ALN Resonant Microcantilever 
Humidity Sensor by Activating Specific Sets of Top Electrodes Based on 

Graphene Oxide," in Proc. 20th Int. Conf. on Solid-State Sens., 

Actuators and Microsys. & Eurosens. XXXIII (TRANSDUCERS & 
EUROSENSORS XXXIII), 23-27 Jun. 2019, pp. 1337-1340, doi: 

10.1109/TRANSDUCERS.2019.8808713.  

[18] T. Wang and C. Lee, "Electrically switchable multi-frequency 

piezoelectric micromachined ultrasonic transducer (pMUT)," in Proc. 

IEEE 29th Int. Conf. on Micro Electro Mech. Syst. (MEMS), 24-28 Jan. 
2016, pp. 1106-1109, doi: 10.1109/MEMSYS.2016.7421828.  

[19] K. Eom, H. S. Park, D. S. Yoon, and T. Kwon, "Nanomechanical 
resonators and their applications in biological/chemical detection: 

Nanomechanics principles," Phys. Rep., vol. 503, no. 4, pp. 115-163, Jun. 

2011, doi: 10.1016/j.physrep.2011.03.002. 
[20] C. Jiang, Q. Li, J. Huang, S. Bi, R. Ji, and Q. Guo, "Single-Layer MoS2 

Mechanical Resonant Piezo-Sensors with High Mass Sensitivity," ACS 
Appl. Mater. Interfaces, vol. 12, no. 37, pp. 41991-41998, Sep. 2020. 

[21] A. Boisen, S. Dohn, S. S. Keller, S. Schmid, and M. Tenje, 

"Cantilever-like micromechanical sensors," Rep. Prog. Phys., vol. 74, no. 
3, p. 036101, Feb. 2011, doi: 10.1088/0034-4885/74/3/036101. 

[22] W. Xu, W.-B. Huang, X.-G. Huang, and C.-y. Yu, "A simple fiber-optic 
humidity sensor based on extrinsic Fabry–Perot cavity constructed by 

cellulose acetate butyrate film," Optl. Fiber Technol., vol. 19, no. 6, pp. 

583-586, Dec. 2013, doi: https://doi.org/10.1016/j.yofte.2013.09.005. 

 

 


