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Abstract 

Recently, as the concentration of fine dust in the atmosphere has increased due to an increase in the use of fossil fuel 

power plants, automobiles, and factories, it has been increasingly important to measure fine dust in the atmosphere. 

This is because exposure to fine dust is closely related to the incidence of respiratory and cardiovascular diseases and 

eventually affects mortality. In this paper, we introduce a MEMS particle sensor based on the resonance frequency 

shift according to added particle mass. The actuation is driven by Aluminum nitride (AlN), and the total thickness is 

2.8 μm. A laser doppler vibrometer (LDV), an optical measuring instrument, was used to measure the resonance fre-

quency of the sensor. Airborne particles naturally were deposited on the sensor. To show the frequency shift accord-

ing to the particle mass, the frequency shift was measured by dividing the case where the deposited particle mass 

was small and large. In each case, the frequency shift according to the deposited particle mass was predicted and 

compared with the frequency shift measured by LDV. It was shown that the deposited particle mass and frequency 

shift are proportional. The deposition of particulate mass was estimated by image analysis. The frequency shift caused 

by the particle mass deposited on the sensor was defined as the sensitivity of the sensor. The estimated sensitivity of 

the sensor is 0.219 to 0.354 kHz/pg.
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Introduction
Fine dust is a mixture of solid particles and liquid drops 

in the air. �e exposure to fine dust is closely related to 

the occurrence of respiratory and cardiovascular diseases 

and is also reported to increase mortality. Among them, 

fine dust with a diameter of less than 10 μm can enter the 

lung and eventually into the blood vessels, which poses a 

serious threat to human life [1]. Most of these fine dust 

comes from car exhausts, dust generated during road 

driving, and also from cigarette smoking and fuel burn-

ing [2]. �ey are mainly composed of combustion par-

ticles such as carbon, organic hydrocarbons, nitrates, 

sulfates, and harmful metals, and because they are so 

small in size, they can reach deep into the alveoli through 

the respiratory tract. �e smaller the size, the more likely 

it is to pass through the emphysema directly, allowing 

for systemic circulation through the blood. Symptoms of 

such fine dust include coughing and breathing difficulties 

caused by irritation of the airway during acute exposure, 

worsening asthma, and arrhythmia. Chronic exposure 

can reduce lung function and increase chronic bronchitis 

and, in severe cases, increase mortality [3].

As the risk of exposure to fine dust increases, stud-

ies have been conducted to measure the concentration 

of fine dust in the air such as light scattering method, 

weight method, and beta rays in order to avoid or pre-

pare for exposure to the fine dust [4, 5]. Optical particle 

counter is the most popular measurement method in 

recent years because it is cost-effective, portable, and can 

be measured in real-time. However, it can only be used 

at low particle concentrations and has the disadvantage 

of inferior accuracy when detecting particles smaller than 
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the wavelength of light. [6]. Another popular method is 

the Tapered element oscillating microbalance (TEOM). 

When the particles in the atmosphere are deposited 

on the device and the mass of the device increases, the 

vibration frequency decreases. �e concentration of the 

particles in the air is measured by comparing the reduced 

vibration frequency with the original frequency of the 

device. �e time resolution is short (< 1 h) and has high 

precision, but there are disadvantages of large volume 

and high cost [4].

In this study, we developed a high-precision sensor 

that is cheaper and more portable than an optical particle 

counter and TEOMs. It is possible to precisely measure 

the concentration of dust in the air by using frequency 

shift according to mass change on a micromachined 

mass, and because it is manufactured by semiconduc-

tor process, mass production is possible and product 

cost can be reduced in high volume [7, 8]. Because it is 

a MEMS sensor, it has a small size, so it is portable and 

easy to integrate inside devices and tight space. �is 

particle sensor in this work can be applied to indoor air 

purifiers, portable dust sensors, clean rooms, and clean 

benches.

Theory
When the mass of a structure changes, the resonance 

frequency of the structure also changes. �is can be 

expressed by Eq. (1) [9]

where F0
′ is shifted resonance frequency,  F0 is unshifted 

resonance frequency,  meff is effective mass, and M is 

added mass. Resonance frequency F0
′ decreases by Eq. (1) 

as the amount of microparticles deposited on the sensor 

surface increases.

Particle sensor
�is particle sensor is composed of 8 layers and its thick-

ness is about 2.8  μm. Table  1 shows the stacking mate-

rial, stacking order, and thickness of each layer. Figure 1 

shows the top view and side view of the stacked layers 

used in the sensor. As piezoelectric material, AlN was 

used due to the complete compatibility with other semi-

conductor processes. AlN has excellent thermal con-

ductivity, excellent electrical insulation, and very close 

thermal expansion factor to silicon which is used as the 

main material for semiconductors, so it is highly com-

patible with silicon [10]. �e titanium layer acted as an 

adhesive layer to form the platinum layer and was formed 

with a thin thickness. �e silicon oxide layer played the 

(1)F
′

0 = F0

√

meff

meff + M

role of the insulation layer, while the silicon nitride layer 

acted as the etching stop layer and a structural layer. �e 

nitride layer is the thickest material along with the pie-

zoelectric layer and makes the piezoelectric layer move 

away from the neutral plane for piezoelectric movement. 

�e upper and lower electrode pads were formed of gold 

through a lift-off process and are the two main electrical 

ports of the device. �e membrane shape of the sensor 

was designed in a circular membrane shape to increase 

the stiffness than the previously reported beam shape 

[11]. �e diameter was chosen to be 600 μm, which was 

a balance between particle acceptance area and manufac-

turing capability. �e membrane size beyond 600 um had 

a low yield in our process run.

In order to estimate the effective mass of the sensor, 

the sensor is assumed to consist of the two thickest layers 

(AlN, SiNx), and the mass is calculated from the volume 

of each layer and the density of the material. �e density 

value was 3.26  g/cm3 for AlN and 3.17  g/cm3 for SiNx, 

and the mass of the 600  μm circular diaphragm of the 

sensor was calculated to be approximately 1.818 μg.

Experiment
Figures 2 and 3 are photographs and the block diagram 

of the measurement setup. �e measurement setup con-

sists of an input part, a resonance part, and a measure-

ment part. �e input part is a function generator (33500B 

Series, Keysight INC.), the resonance part is a membrane 

of a sensor, and a measurement part is an oscilloscope 

(InfiniVision MSO-X 4154A, Keysight INC.) and the 

LDV (OFC-2570 controller, OFV-534 header, Polytec 

INC.). To measure the resonant frequency, we placed the 

measurement laser point of the LDV at the center of the 

sensor membrane, where the displacement is the great-

est. When the AC signal is applied to the sensor from 

the function generator, the sensor resonates due to the 

reverse piezoelectric effect.

�e vertical displacement of the center of the reso-

nating sensor is measured at LDV [12] and the output 

Table 1 Thickness of each layer of the particle sensor

No Material deposited from the bottom (μm)

8 Silicon dioxide, dielectric layer  (SiO2) 0.2

7 Platinum, top electrode (Pt) 0.2

6 Titanium, adhesion layer (Ti) < 5 nm

5 Aluminum nitride (AlN) 1.0

4 Platinum, top electrode (Pt) 0.2

3 Titanium, adhesion layer (Ti) < 5 nm

2 Silicon dioxide, dielectric layer  (SiO2) 0.2

1 Silicon nitride, backside etch stop layer  (SiNx) 1.0
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signal measured at LDV and the input signal from the 

function generator are simultaneously observed by the 

oscilloscope. �e input voltage is carefully selected so 

that the displacement at the resonance does not satu-

rate the vibrometer detector sensor. Since the purpose 

of this experiment is to measure the resonance fre-

quency of the sensor, not the signal strength, the mag-

nitude of the applied voltage is not an important factor. 

�e input signal was applied by manually changing the 

range from 50 kHz to 3 MHz in 0.1 kHz increments and 

the output signal was observed with the AC voltage 

amplitude. Here, the resonance frequency is the point 

at which the amplitude of the output signal is the maxi-

mum in a specific range.

Test particles (A1 ultrafine test dust, ISO-12103-1) 

used were manufactured by Powder Technology Co., 

Ltd. from Arizona, USA. �e diameter and density 

of the test dust were 1 to 10 μm, 500 kg/m3. A simple 

chamber was manufactured to deposit the fine par-

ticles naturally on the sensor surface, and within this 

chamber, the fine particles diffused slowly and fell on 

the sensor surface by gravity [11]. All experiments were 

conducted in a controlled environment. Room tem-

perature was 22 °C and the relative humidity was 50%. 

To confirm the shift of the resonance frequency accord-

ing to the particle mass, the particles were deposited 

on the sensor surface in a small amount case (A) and 

in large amount case (B) (Fig. 4). Because it is difficult 

to accurately control the particle mass to be deposited, 

it was deposited qualitatively. To avoid overlapping 

of new particles over previously accumulated parti-

cles, the sensor surface was forcefully initialized with 

hand-blower after each resonance frequency measure-

ment. However, some particles were not removed and 

remained on the surface [13]. �is explains why the 

Fig. 1 Top view and side-section of AlN oscillating platform

Fig. 2 The setup for measurement of resonance frequency of particle 

sensor by LDV

Fig. 3 The block diagram for measurement of resonance frequency 

of particle sensor by LDV
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resonance points (x-axis) of the sensor in Fig. 6 are not 

perfectly matched for cases A and B.

Results
Because it is difficult to measure the particle mass depos-

ited on the sensor surface directly [13], the mass of the 

deposited fine particles was estimated through image 

analysis through the photo of the sensor surface where 

the particles were deposited. �e program used was 

ImageJ [14], and it was assumed that the shape of the 

deposited fine particles is spherical [15]. �e volume of 

each particle could be calculated from the area of the 

deposited microparticle obtained from the image analy-

sis. �e estimated volume of deposited particles in cases 

A and B of Fig. 4 was 2.32 × 105 μm3 and 5.02 × 105 μm3, 

respectively, with an estimated mass of 116.127  pg and 

250.851 pg. Case A represents small amounts of dust par-

ticles and case B represents large amounts of dust parti-

cles comparatively.

Figure 5 shows the frequency shift data of a single sen-

sor at multiple resonance points for case A (Fig. 4). �e 

x-axis represents the resonant frequencies of the sensor 

in each mode before particles were deposited, and the 

y-axis represents the frequency shift. ΔFm is the meas-

ured resonant frequency shift, and ΔFp is the calculated 

resonant frequency shift by the estimated particle mass 

from image analysis. In both ΔFm and ΔFp, we can see 

that the higher the resonant frequency, the higher the 

resonant frequency shift, which is consistent with the 

theory [16]. ΔFm and ΔFp are not completely in agree-

ment, and this error is expected to have occurred at the 

resonant frequency measurement and by the random 

location of the deposited particles on the sensor surface.

�ere are many factors affecting the accuracy and pre-

cision of this experiment. Because we scanned the input 

frequency manually in 0.1 kHz increment, there may be 

some resonance point lost between each measurement 

point. Also, the resolution of the oscilloscope may have 

been the limitation in finding every resonance point 

of the sensor in this experiment. Considering the LDV 

measurement principle of measuring displacement 

using laser interference, the intensity of the signal can be 

weakened if particles (obstructions) are present on the 

laser path of the LDV from the membrane. �is can be 

the explanation why the number of resonance points in 

A and the number of resonance points in B are not the 

same. Moreover, this method does not directly measure 

the resonance frequency shift but measures the reso-

nance frequency before and after the particles are depos-

ited and estimates the frequency shift by pairing similar 

resonance frequencies among them. In this process, if 

there are resonance frequencies that are not measured 

due to small signal strength, an error may occur in the 

process of calculating the resonance frequency shift. 

Although it is not the focus in this paper, even if parti-

cles of the same mass are deposited, it is expected that 

the deposition on the center of the membrane affects the 

vibration more than the same mass deposited at the edge 

of the membrane. In addition, the mass conversion of 

deposited particles from image analysis and the resona-

tor-particle adhesion parameter can be a cause of error. 

�e resonator-particle adhesion can be improved by a 

film coating that increases the adhesion to the membrane 

[17].

Figure  6 shows the frequency shift at each resonance 

point when the amounts of deposited particles is small 

(case A in Fig. 4) and large (case B in Fig. 4). �e x-axis 

represents the resonant frequency of the sensor in each 

mode before particles are deposited, and the y-axis repre-

sents the frequency shift. ΔFm,A is the shifted resonance 

Fig. 4 The airborne particles deposited on the surface of the sensor 

when there are small amounts of particles (case A) and when there 

are large amounts of particles (case B)
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frequency measured by LDV when the amount of depos-

ited particles is small (case A), and ΔFm,B is the shifted 

resonance frequency measured by LDV when the amount 

of deposited particles is large (case B). Figure 6 shows the 

tendency that the larger the particle mass deposited, the 

greater the frequency shift. ΔFm,A and ΔFm,B had the larg-

est ΔF at the resonance frequencies of 1991.1  kHz and 

1991.9 kHz, and the values were 25.4 kHz and 88.9 kHz, 

respectively. From Eq. (1) and the resonant frequency of 

the resonator measured by LDV, we could calculate the 

mass of the particles deposited on the membrane. �e 

mass data of the deposited particles are 293.208 pg and 

562.165 pg, A and B respectively. �is was a larger value 

than the estimated mass of deposited particles through 

image analysis. �e relative errors were 152.488% and 

124.103%, respectively. Since most of the particles were 

naturally deposited in the chamber, it was possible to 

expect that the measured mass was larger than the esti-

mated mass, because it was more likely to be agglomer-

ated or overlapped rather than a single layer. �is is also 

why the measurement sensitivity  (Sm) to be lower than 

the expected sensitivity  (Sp) in Fig. 7.

From Figs. 5 and 6, the sensitivity of the sensor was cal-

culated at the resonance point with the largest ΔFm. �e 

sensitivity of the sensor is defined as follows [16, 18, 19].

where Δf is the resonant frequency shift, Δm is the esti-

mated deposition mass.

Figure  7 shows the sensitivity of the sensor accord-

ing to the deposited particle mass in case A and B from 

(2)S =

�f

�m

Fig. 4.  Sm and  Sp are sensitivity to the largest frequency 

shift, ΔFm and ΔFp compared to the estimated deposition 

mass, respectively.  Sp was 0.523 kHz/pg and 0.497 kHz/

pg for A and B, respectively, and  Sm was 0.219  kHz/pg 

and 0.354 kHz/pg for A and B, respectively.

Conclusion
In this paper, we introduced a MEMS piezoelectric sen-

sor designed to measure fine particles in the atmosphere 

and used a mass-based resonant frequency shift prin-

ciple to estimate the mass of particles deposited on the 

sensor surface. �e resonance frequency was measured 

by LDV, which detects displacement using laser interfer-

ence. �e frequency shift according to the particle mass 

was confirmed by depositing a small amount of particles 

and a large amount of particles on the sensor surface, 

and it was found that the frequency shift increased as 

the resonance frequency and the deposited particle mass 

increased. Moreover, the sensitivity was calculated from 

the frequency shift compared to the estimated mass at 

the resonance point where the frequency shift was the 

highest. Reasons for the difference between measure-

ment and calculation could be in the wrong coupling of 

frequencies in frequency shift and inaccuracies of mass 

estimation by image analysis. In the future, we plan to use 

a more accurate test mass, such as glass beads to calibrate 

the sensor. Also, the sensor will be driven by an oscillator 

circuit to self-oscillate rather than using a signal genera-

tor. Resonant movement should also be measured electri-

cally through a circuit. In the future, we plan to improve 

the resonance measurement method by measuring the 

displacement amplitude continuously. �e continuous 

0 500 1000 1500 2000 2500

0

20

40

60

80

100

120

140

160

F∆ m,A

Fm,B

F
 (

k
H

z
)

Resonance frequency (kHz)

∆

∆

Fig. 6 Comparison of measured resonant frequency shift at each 

resonance point for case A and B (Fig. 4)

BA

0.0

0.2

0.4

0.6

0.8

Sm

Sp

S
e
n
s
it
iv

it
y
 (

k
H

z
/p

g
)

Particle mass

Fig. 7 The sensitivity of the AlN particle sensor according to the 

particle mass. The discrepancy is due to the assessment of the true 

particle mass



Page 6 of 6Choi and Park  Micro and Nano Syst Lett            (2020) 8:17 

amplitude measurement can be used to monitor the mul-

tiple resonant frequencies more accurately, and the limit 

of detection (LOD) of the sensor can also be character-

ized using the quality factor.
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