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ABSTRACT 
This paper demonstrates, for the first time, a high 

sensitivity mass sensor based on thermal-actuation 

piezoresistive-detection coupled resonators with a self-

sustained oscillation. In-plane-vibration resonators are 

actuated by thermal expansion and contraction of the 

nanobeams, while the vibration displacements are detected 

by changes in resistance. Due to the combination of the 

negative piezoresistive coefficient of the phosphorus-

doped structural silicon layer and the thermal 

expansion/contraction effect, a constant direct current (DC) 

through the nanobeam produces a periodic resistance 

variation in the beam at the fundamental modal frequency 

as the resonator, thus a self-sustained oscillation is 

generated. An ultra-high quality factor of ~95k in air is 

obtained. Linear response with respect to mass 

perturbations for both amplitude ratio (of the two coupled 

resonators) and frequency shift readouts are observed from 

the proposed self-oscillating, mode-localized mass sensor. 

The measured sensitivity of the amplitude ratio 

(~162 ppm/pg) is 100 times higher than that of a shift in the 

normalized resonant frequency.  
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INTRODUCTION 
Microelectromechanical resonators have been widely 

applied for many sensing applications [1]. Classically, 

MEMS resonant sensors measure external physical 

quantities by a shift in their resonant frequency, which is 

determined by the inherent physical parameters, i.e. 

effective mass and stiffness. For a resonant mass sensor, 

the frequency shift is proportional to the mass perturbation, 

i.e., ∆� ��⁄ = �� 2��⁄  [2]. The main challenges that such 

conventional resonant mass sensors face are to optimize the 

resolution, sensitivity, effective quality factor in the 

medium of a fluid and to realize a closed-loop oscillator for 

real-time monitoring.     

For high sensitivity, mode localization of weakly 

coupled resonators using amplitude ratio as a readout 

metric is a promising approach and has already been 

demonstrated [3]. Generally, a mass perturbation to one 

resonator of the coupled resonator system causes a 

structural asymmetry and energy confinement [3]. This can 

be measured by detecting a change in the ratio of the 

resonant amplitudes of the two coupled resonators. 

Additionally, mode-localized sensors are relatively 

immune to environmental fluctuations, such as ambient 

temperature or pressure variations [4]. However, most 

mass sensors based on coupled resonators utilize capacitive 

or piezoelectric actuation/sensing. They often suffer from 

a low quality factor when operating in a fluid (gas or liquid)  

 
Figure 1: False-color SEM images (a) and FEM 

simulation of the in-phase (b) and out-of-phase (c) working 

modes of the coupled resonators. The yellow area is a 

Au/Cr multi-layer (100 nm) and forms electrodes for 

actuation and detection with low contact resistance. 

 

due to viscous damping. Sealed microchannel resonators 

have been successfully used for liquid particle sensing 

applications [5] and diamond has been suggested as the 

resonating material for high quality factor [6], albeit only 

for frequency shift resonators and at the cost of added 

fabrication complexity. For closed-loop oscillation, the 

classical method is to employ a phase-lock-loop (PLL) 

which tracks the phase of the resonator and controls the 

loop phase error via a PID controller; however, this 

requires complicated control and interface electronics and 

is sensitive to temperature variations. 

Recently, it was shown that a thermal-piezoresistive 

effect can increase the quality factor of a resonator to 

relatively high values (>10k) [7]. Furthermore, employing 

the same effect, a self-sustained oscillation is possible if 

materials with a negative piezoresistive coefficient are 

used. This is due to a combination of thermal-expansion 

and contraction [8][9] and can significantly decrease the 

complexity of the interface electronics as alternating 

current (AC) electrical signals and phase tracking are no 

longer required. The self-sustained oscillation ensures that 

the operating frequency always corresponds to the resonant 

frequency of the resonators.  

In this paper, we describe a DC-driven, thermal-

actuation piezoresistive-detection self-sustained resonant 

mass sensor using mode-localization. The sensor operates 

in air with a quality factor as high as 95k and shows a high 

sensitivity. This tackles three key objectives for resonant 

mass sensors: high sensitivity, high Q-factor in air and self-

oscillation in a single device. After tuning the coupled 

resonators to an appropriate working point, two different 

output metrics (amplitude ratio and frequency shifts) for 

the same mass perturbations are demonstrated and 

compared. 



 
Figure 2: The thermal(T)-electric(E)-mechanical(M) 

interaction and self-sustained loop schematic of the self-

sustained oscillator. 

 

DESIGN AND METHOD 
Device description 

The proposed device has a symmetric design with two 

thermal-actuation piezoresistive-detection resonators, 

which are mechanically coupled via a suspended coupling 

area (in Fig. 1(a)). A silicon on insulator (SOI) wafer with 

a heavy phosphorus-doped device layer of 9 µm thickness 

was used for fabrication; this has the required negative 

piezoresistive coefficient. For each resonator, a nanoscale 

beam with a width of 850 nm and a length of 5 μm links 

the resonator to the anchor area. The nanobeams are used 

as thermal actuator and piezoresistive sensors.  

 

Self-sustained oscillation 
An illustration of the working principle of the self-

sustained oscillation is shown in Fig. 2. Referring to the 

labels of Fig. 1, a DC current 1 (Idc1) is forced through 

nanobeam 1 causing power dissipation due to resistive 

Joule heating, which results in a temperature increase 

(Tac↑) and thus thermal expansion of the beam. This moves 

Res 1 away from the anchor in an axial direction of the 

nanobeam (Xac↑). The beam will undergo an over-

expansion because of the inertia of Res 1. At the same time, 

the resistance of the beam decreases (Rac↓) due to tensile 

stress and the negative piezoresistive coefficient of the N-

type silicon, thus the heat dissipation will decrease and the 

temperature of the beam will also decrease (Tac↓). 

Therefore, the beam starts contracting and pulling Res 1 

back towards the anchor (X↓). The compressive force on 

the beam will then increase the resistance (Rac↑), hence 

increase the heat dissipation and temperature (Tac↑) and 

push Res 1 again away from the anchor; in this way the 

cycle starts again.  

The voltage drop across the nanobeams is an AC signal 

with an amplitude proportional to the varying resistance of 

the beam and thus also to the displacement of the 

resonators, therefore it provides a mean to monitor the 

vibration amplitudes of the resonators. Since the two 

resonators are physically coupled, they exhibit two 

fundamental in-plane resonant frequencies, as shown in Fig. 

1(b) and 1(c). An oscillation of Res 2 is induced through 

the physical coupling from Res 1. The displacement of Res 

2 can be detected by the voltage drop across nanobeam 2. 

 

Mode-localization based sensors 
For a 2-degree-of-freedom (2-DOF) coupled resonator  
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Figure 3: Electrical setup for working point tuning test. 

 

system with amplitude ratio output, the normalized 

sensitivity to mass perturbation is given by: 

	
 = �	� − 	�	� � ≈ � �
4�� × ∆�

� �                    (1) 

where 	
 , ∆�, �, �, are amplitude ratio, mass perturbation, 

total mass, stiffness of both resonators, respectively, and ��  is the coupling stiffness. It can be shown that the 

normalized sensitivity of a 2-DOF resonator system is 

improved by a factor of 
�

���  compared to a conventional 

frequency readout [10].  

 

EXPERIMENTAL RESULTS  
Working point tuning 

In order to characterize the resonant frequency of the 

coupled resonators, an open-loop frequency sweep was 

first carried out by actuating the resonators with a 

combination of a DC bias and an AC signal. As equation 

(2) indicates, when choosing an AC component with an 

amplitude much smaller than DC component, the term at 2� becomes negligible.  

� = (����� �! + �#�)$
%

= &���$ + 2�#�$
2% ' + (2����#��� �!

% ) − &���$ *+�2�!
2% '        (2) 

where �, ���, �,*, � and % are power, AC, DC supplied 

voltages, angular velocity and total resistance of the 

resonators, respectively.  

Due to fabrication tolerances, the device is not exactly 

identical to the layout. The fabrication errors lead to an 

initial asymmetry between the two resonators, leading to 

mode-localization and energy confinement even without 

applying changes in mass. Thus, the initial operating point 

should be tuned to ensure the sensor is in its linear region 

[11]. To demonstrate the principle of the operation we first 

introduced a stiffness perturbation by applying a variable 

DC current through nanobeam 2, as shown in Fig. 3. The 

middle part of the coupled resonator device is grounded 

through an inductor. Current flows through the two 

nanobeams; their magnitude can be controlled 

independently by two DC sources. A 100 mV AC 

frequency sweep signal (1.26 MHz to 1.29 MHz) was 

applied to the middle electrode from the signal output. A 

two-channel lock-in amplifier was used to detect the 

alternating voltage signals across the two nanobeams. 
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Figure 4: Frequency responses of Res 1 (a) and Res 2 (b) 

for different currents flowing through Res 2. The maximum 

quality factor was ~20k in air for the working mode (out-

of-phase mode), when there is no self-oscillation. 

 

The measured frequency responses of Res 1 and Res 2 

are shown in Fig. 4. There are two distinguishable vibration 

modes for each resonator as predicted by the FEM 

simulations (see Figs. 1(b) and (c)). The resonant 

frequencies of the out-of- and in-phase modes are 

1.26 MHz and 1.28 MHz, respectively which are close to 

the simulated results (1.31 MHz and 1.32 MHz).  

When changing the DC current through nanobeam 2 

from 25 mA to 26.6 mA while keeping the DC current 

through nanobeam 1 constant at 27 mA, the resonant 

frequencies of both modes of the two resonators decreased 

due to the negative elastic constant temperature coefficient 

of the material. With this setup the two nanobeams 

experience different heating powers; nanobeam with 

higher temperature thus creates a stiffness perturbation 

making the coupled resonator system asymmetric, 

therefore the amplitude ratio and working point is tunable.  

 

Mass sensing with self-sustained oscillation 

The test configuration of the self-oscillated mass 

sensor is shown in Fig. 5. The middle electrode of the 

coupled resonators is grounded. The values of the current 

flowing through the two nanobeams are controlled by the 

two channels of a DC current source separately, to facilitate 

aforementioned tuning method. The amplitudes of the AC 

voltage signals across the nanobeams were detected in the 

frequency domain by the lock-in amplifier. 

As shown in Fig. 5(a), when the DC currents 1 and 2 

reach 27 mA and 26.8 mA, respectively, the coupled 

resonators start self-oscillating and generate sinusoidal 

output voltages. The output amplitude from Res 1 exhibits 

an exponential increase and stabilizes after ~ 900 ms. The 

ring down response test in Fig. 6(b) indicates a quality 

factor of ~95,000 in air.   
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Figure 5: Test configuration of the self-oscillated mass 

sensor (a) and the output amplitude of the coupled 

resonators when starting and stopping self-oscillation in 

the time domain. The inset figures in (b) show the outputs 

of resonators 1 and 2 when the self-oscillation becomes 

stable and the ring-down test when decreasing the DC 

output 2 from 27 mA to 26.6 mA, respectively. 
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Figure 6: Mass perturbation responses of the amplitude 

ratio and frequency in the time domain. The orange and 

green areas refer to removing mass from Res 1 and Res 2, 

respectively; the mass is estimated by measuring the profile 

of bombarded surface with a phase-shifting interferometer. 

For every mass perturbation, 7~8 times of responses are 

measured in 280 s ~ 320 s intervals. 

 

The concept of the mass sensing is validated by 

introducing a mass perturbation by removing first mass 

from Res 1 by subsequnt laser bombardments and then by 

Res 2 by the same method (see Fig. 7). The amplitude ratio 

is calculated by dividing the amplitudes of the voltages 

across the two resonators. Before the mass perturbation 

experiment, the amplitude ratio was set to approximately 

unity by adjusting the two DC currents. 

Figure 6 shows the mass perturbation responses of the 

amplitude ratio and frequency in the time domain. As 

expected, the frequency increases when removing mass 

from the coupled resonators. However, an increase in the 

amplitude ratio only occurs when mass is removed from 

Res 1. In contrast, when removing mass from Res 2, the 

amplitude ratio drops. It can also be seen that there is a  
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Figure 7: The amplitude ratio and normalized frequency of 

the coupled resonators as a function of the mass 

perturbations applied on Res 1 (a) and Res 2 (b). The inset 

pictures were taken under an optical profilometer and 

show the grooves created by the laser bombardments. 

 

slight drift both for amplitude ratio and frequency output 

signals in a measurement interval; this is attributed to the 

atmospheric test environment in which small dust particles 

adhere to the surface and also temperature fluctuations.  

The dependency of the amplitude ratio and normalized 

frequency with respect to the mass perturbations on the two 

resonators are shown in Fig. 7(a) and (b), respectively. It 

can be seen that both amplitude ratio and normalized 

frequency follow a linear trend with respect to mass 

perturbations. Slopes of fitting curves indicate that the 

sensitivity of the amplitude ratio is ~100 times higher than 

the typical frequency shift sensing principle. The 

sensitivities of the amplitude ratio and normalized 

frequency readouts both increase when removing mass 

from Res 2, which can be explained by the setup of actively 

driving only one resonator [12]. 

 

CONCLUSIONS  
In summary, this paper demonstrates the first self-

oscillated mass sensor with thermal actuation and 

piezoresistive sensing, and mode-lcocalization of the 

coupled resonators. The experimental results show that the  

device can be driven by a constant current with 95,000 

quality factor in air. The sensitivity based on the amplitude 

ratio is around 100 times higher than the normalized 

resonant frequency while working in a self oscillation 

operation mode. The stability and resolution of the self-

oscillated mass sensor will be examined in future work. 
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