
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  

 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 

   

 

Downloaded from orbit.dtu.dk on: Dec 17, 2017

Bulk disk resonator based ultrasensitive mass sensor

Cagliani, Alberto; Davis, Zachary James

Published in:
Sensors, 2009 IEEE

Link to article, DOI:
10.1109/ICSENS.2009.5398403

Publication date:
2009

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Cagliani, A., & Davis, Z. J. (2009). Bulk disk resonator based ultrasensitive mass sensor. In Sensors, 2009 IEEE
(pp. 1317-1320). IEEE. DOI: 10.1109/ICSENS.2009.5398403

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Online Research Database In Technology

https://core.ac.uk/display/13730822?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1109/ICSENS.2009.5398403
http://orbit.dtu.dk/en/publications/bulk-disk-resonator-based-ultrasensitive-mass-sensor(f7cbe1f2-f61a-4579-8a98-ad38490d705f).html


Bulk Disk Resonator Based Ultrasensitive Mass Sensor  
 

Alberto Cagliani and Zachary J. Davis 
Department of Micro-and Nanotechnology, DTU-Nanotech 

Danish Technical Univeristy, DTU 
Kgs. Lyngby, Denmark 

Alberto.Cagliani@nanotech.dtu.dk 
 
 
 
 

 
 
 

Abstract—In the framework of developing an innovative label-
free sensor for multiarrayed biodetecion applications, we 
present a novel bulk resonator based mass sensor. The sensor is 
a polysilicon disk which shows a Q-factor of 6400 in air at 68.8 
MHz, resulting in mass resolutions down in the femtogram 
range. The sensor has been characterized in terms of sensitivity 
both for distributed mass detection, performing six consecutive 
depositions of e-beam evaporated Au, and localized mass 
detection, depositing approximately 7.5 pg of Pt/Ga/C three 
times consecutively with a Focused Ion Beam system. The sensor 
has an extremely high distributed mass to frequency shift 
sensitivity of 60104 Hzcm2/μg and shows a localized mass to 
frequency sensitivity up to 4405 Hz/pg with a localized mass 
resolution down to 15 fg. The device has been fabricated with a 
new microfabrication process that uses only two 
photolitographic steps in order to minimize cost and complexity.  

I. INTRODUCTION  
In recent years the possibility of integrating a mass sensor 

with picogram resolution directly into the CMOS process have 
been investigated. The commercially available mass sensors 
that can reach this resolution are the quartz crystal 
microbalance (QCM). The working principle is based on 
monitoring the frequency shift due to the mass loading on the 
surface. However the QCM can not be scaled down and the 
novel micro-QCM technology uses materials which are not 
easily integrated into the CMOS process [1]. That is why 
several MEMS-resonator based mass sensors have been 
demonstrated recently [2][3][4]. The working principle is 
similar to that of QCM one while the actuation of the 
resonator and the transduction of the output signal are often 
not piezoelectric but instead capacitive, optical or magnetic. 
Moreover the MEMS resonator based mass sensors show 
sensitivities and mass resolutions much higher than QCM 
[2][3][4]. A technique that can be readily integrated is the 
capacitive transduction and actuation. The presented mass 
sensor is based on a bulk disk resonator resonating at 68.8 
MHz in Wine-Glass mode and fabricated as polysilicon disk 
of 60 μm in diameter electrostatically driven in resonance. The 
electrostatic output signal is due to the change of the 
capacitance between the disk and the output electrode.  

The microfabrication processes of bulk resonators 
presented so far use at least three photolithographic steps to 
shape the resonator and the electrodes around it [2] [5]. The 
device presented here is based on only two photolithographic 
steps and only two etching steps. 

II. DESIGN 
The device is composed of a resonating disk of 60 μm in 

diameter anchored at one of four quasi-nodal points and by 
two transduction electrodes aligned on the same axis. The disk 
is driven in resonance at 68.8 MHz in so called Wine-Glass 
mode illustrated in Fig. 1. The actuation of the disk and the 
transduction of the output signal are both capacitive and, due 
to the fact that the electrodes are placed on the same axis, a 
180 degrees phase shift is introduced between the input and 
the output signal. Only one anchor is used in order to reduce 
the losses due to the anchoring. The air gap between the disk 
and the electrodes is designed to be 120 nm. 

III. MICROFABRICATION 
The starting point of the microfabrication process is a 

poly-SOI wafer, where the phosphorus doped polysilicon 
layer is 3 μm thick, the PECVD SiO2 is 5 μm thick and the 
thermal silicon dioxide is 500 nm (Fig. 2a).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  (a) Layout of the bulk disk resonator: in red the transduction 
electrodes and in yellow the disk and its anchor; (b) Wine-Glass mode 
shape which shows 4 quasi-nodal points. 

 (a)  (b) 
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At first the disk and anchor are defined by an anisotropic 
plasma etching containing CF4, SF6 and O2 (Fig. 2b). After 
that a 120 nm TEOS SiO2 sacrificial layer is deposited (Fig. 
2c) in order to create the air gap between the electrodes and 
the disk. The second layer of 3 μm of LPCVD polysilicon is 
then deposited and after a doping process in phosphorus 
atmosphere the electrodes are defined with the same 
anisotropic etching used in the previous step (Fig. 2d and Fig. 
2e). The releasing is performed in 40% HF (Fig. 2f). In Fig. 3 
the complete device is shown. The microfabrication process 
is completed with only two photolithographic steps and only 
two etching steps. The simplicity of the process reduces the 
device fabrication time, therefore the device cost, and also 
limits problems due to the misalignment of the masks and 
non-uniformity of the etching steps. The drawback of this 
approach is that no specific solutions to minimize the feed 
trough parasitic capacitance are used. If the signal is heavily 
buried in a feed trough background the estimation of the Q-
factor and of the motional resistance is difficult, but there are 
techniques available to overcome this problem without 
changing the design of the chip and the microfabrication 
process [6]. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

IV. MEASUREMENTS 
In order to characterize the performances of the bulk disk 

resonator as a mass sensor for distributed and localized mass 
detection two experiments have been performed. In the first 
one we deposited 2 nm of Au six times consecutively 
measuring the frequency shifts; in the second one 
approximately 22.5pg of a Pt/Ga/C composite have been 
deposited on a specific point of the surface. Considering the 
mechanical model for a harmonic resonator the relation 
between the frequency shift and the added mass can be 
expressed by 

                                                                ,                   (1) 

 

where f0 is the resonant frequency, δf is the frequency shift kre 
is the effective spring constant, mre is the effective mass and 
δm is the added mass. If the added mass δm can be considered 
much smaller than mre and kre does not change adding mass, 
the previous expression can be expanded in series and the 
linear term can be written as 

                                                                .                         (2) 

 

The slope of this linear relation defines the sensitivity of the 
device as 

                                                        .                               (3) 
 
The sensitivity of a 60 μm in diameter of a polysilicon disk 
(2.62 μm thick) vibrating in wine glass mode has been 
estimated calculating, by a FEM simulation, the effective 
mass and the resonance frequency for the Wine-Glass mode. 
The estimated sensitivity is 4464 Hz/pg with mre = 7.47 ng 
and f0 =68.8 MHz. 
 
A. Distributed mass sensitivity 

Six consecutive depositions of 2 nm of e-beam evaporated 
Au have been performed and the frequency shifts after every 
deposition have been recorded. In Fig. 4 three transmission 
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Figure 2. (a) Poly-SOI wafer: phosphorous doped polysilicon 3 μm thick, 
PECVD silicon dioxide 5 μm and thermal silicon dioxide 500 nm; (b) the 
first photoresist mask is used for etching the disk and the anchor; (c) a layer 
of 120 nm of TEOS silicon dioxide is deposited; (d) a second layer of 
phosphorous doped LPCVD polysilicon is deposited; (e) the second 
photoresist mask for etching the electrodes; (c) final device after the 
releasing in 40% HF.     

Figure. 3 SEM micrograph of the complete bulk disk resonator with one 
lateral anchor and two electrodes. 
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curves of the device are shown, while in Fig. 5 the complete 
calibration curve can be seen. The Q-factor of the resonator 
remains constant at 6400 after every deposition. The 
sensitivity for distributed mass detection can be calculated 
with a linear fitting of the first three data points, leading to                                                                                                                               
a value of 60104 Hzcm2/μg and dividing by the area 2100 
Hz/pg. Only the first three data have been taken into account 
because the assumption of linearity is not any longer valid if 
the total added mass is not much smaller than mre. Since the 
mass is evaporated all over the disk the mode shape factor 
M/mre= 2.204 (mass of the disk divided by the effective mass) 
has to be taken in to account in order to compare the 
experimental distributed mass sensitivity with the result of (3). 
Therefore the distributed mass sensitivity can be written as    

 

                                                        .                              (4) 

 

This expression gives a value of 2025 Hz/pg in agreement 
with the experiments within the experimental error. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B. Localized mass sensitivity 
Three consecutively depositions of a Pt/Ga/C composite 

have been performed inside a FEI Quanta-3D Focused Ion 
Beam system in order to measure the localized mass 
sensitivity. Differently from previous experiments the mass 
has been concentrated in a small area at the edge of the disk 
where the displacement is at maximum according to the mode 
shape in Figure1. Every deposited mass is a rectangle of 
dimensions 1.1 μm x 1.1 μm x 0.5 μm and after every 
deposition the frequency shifts were measured resulting in 33 
kHz, 31 kHz and 38 kHz. In Fig. 6 the three added mass can 
be seen. The total added mass has been calculated matching 
the FEM simulated frequency shift with the measured 
frequency shift average using the density of the composite as a 
parameter, while the geometrical parameters have been 
precisely measured with a SEM. The density of the composite 
is unknown because it depends on the deposition parameters 
and specific surface properties but the range of variability can 
be estimated from [7]. The estimated value for the density of 
the composite is 12.4 g/cm3 and the total added mass is 22.5 
[pg] split in three depositions. In Fig. 7 two of the three 
frequency shifts can been seen. The estimated sensitivity is 
4405 Hz/pg which is in good agreement the theoretical value 
from (2). Since we deposited the added mass on one of the 
maximum displacement points the calculated local sensitivity 
is maximized. Clearly the local sensitivity depends from 
where the tiny mass is deposited on the disk and can vary from 
zero to 4405 Hz/pg. 

 
C. Mass resolution 

In order to estimate the mass resolution of the sensor the 
frequency noise at resonance frequency has been estimated 
by  
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Figure 4. Ouput curves measured in air; 2 nm of gold have been deposited 
each time and the frequency shift due to the mass loading is shown.  

Figure 5. Calibration data reporting the six frequency shifts of the 
resonance frequency  Figure 6. Approximately 22.5 pg of Pt/C/Ga composite have been deposited 

at the edge of the disk by FIB deposition . 
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                ,                   (5) 
 
 

where ϑΔ  is the rms phase noise at resonance and 
0f

d
df
ϑ  is 

the slope of the phase at resonance. In Fig. 8 a zero span 
acquisition at f0 is shown and the rms value of the signal is 
0.07 degrees. Multiplying the slope by the rms value a noise 
level for the sensor of 64 Hz is found. This leads to a 
localized mass resolution of 15 fg and a distributed mass 
resolution of 1065 pg/cm2 corresponding to 6 mÅ of gold 
with a density of 19.3 g/cm3. 

IV. DISCUSSION AND CONCLUSIONS 
The possibility of using a bulk disk resonator at 68.8 MHz as 
ultrasensitive mass sensor has been proved and the sensor has 
been calibrated for distributed mass detection. The sensor 
shows a distributed mass sensitivity of 60104 Hzcm2/μg and 
shows a localized sensitivity up to 4405 Hz/pg. The estimated 
mass resolution is respectively 1065 pg/cm2 and 15 fg. The 
behavior of the sensor for thicker layer of gold has  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
to be investigated in order to define the limit value at which 
the Q-factor significantly decreases. The map of the local 
sensitivity has to be completed measuring at different 
positions over the disk. We expect that the local sensitivity is 
proportional to the local displacement of the disk.        
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Figure 8  Zero span phase data at the resonance frequency of the device. 

Figure 7. (a) Frequency shift of 38 kHz after the second deposition; (b) 
Frequency shift of 31 kHz after the third deposition.

(a) 

(b) 
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