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Abstract. Single crystal silicon based micromechanical resonators are developed for mass 
sensing in dissipative media. The design aspects and preliminary characterization of the 
resonators are presented. For the suggested designs, quality factors of about 20000 are 
typically measured in air at atmospheric pressure and 1000-2000 in contact with liquid. 
The performance is based on a wine-glass type lateral bulk acoustic mode excited in a 
rectangle resonator plate. The mode essentially eliminates the radiation of acoustic energy 
into the sample media leaving viscous drag as the dominant fluid-based dissipation 
mechanisms in the system. For a mass loading distributed over the central areas of the 
resonator a sensitivity of 27 ppm/ng is measured exhibiting good agreement with the 
results of the finite element method based simulations. It is also shown that the mass 
sensitivity can be somewhat enhanced, not only by the proper distribution of the loaded 
mass, but also by introducing shallow barrier structures on the resonator. 
 

 
PACS codes: 85.85.+j, 46.40.Ff, 43.20.Tb, 43.40.Dx, 07.07.Df, 87.85.fk, 07.05.Tp 
 
Key words: Mass sensor; MEMS resonator; Quality factor; Lateral bulk acoustic wave; Wine-glass 
mode. 
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1. Introduction 
 

There is a growing demand for small, cost efficient array type sensors that can 
perform analysis of different marker molecules or substances in various environments. A 
well known approach is to use acoustic resonators as mass sensors where the shift of the resonant 
frequency corresponds to the mass adsorbed onto the resonator [1]. In addition to the conventional 
piezoelectric, quartz crystal based, thickness shear mode sensors (so called quartz crystal 
microbalance, QCM, sensors) , different piezo actuated thin film bulk acoustic resonators (FBAR) 
have been demonstrated for gravimetric sensing especially for applications requiring higher level 
of integration. When designed to vibrate in a shear mode, the FBAR sensors can operate with 
moderate quality factors (Q factors, Q values) in liquid (150 - 200) as well as in air (300 - 400)  [2-
3]. The micro/nanomechanical mass sensors reported are typically based on cantilever structures 
[4-5]. Such flexural mode resonators, however, exhibit limited quality factors already in air and 
experience severe damping in liquid resulting to very low Q values, typically of the order of 1 in 
water [6].  The problem is usually circumvented by using a, so called, static or bending mode [7], 
which, however, looses the benefits of the resonance phenomenon and – with the coatings required 
– tends to complicate the interpretation of the results [8]. A different approach has also been 
introduced: viscous loss could be nearly eliminated by placing the fluid inside of a hollow resonant 
cantilever surrounded by vacuum [9].  

Impressive quality factors are relatively easy to obtain for mechanical resonators at reduced 
pressures or in vacuum [10-11]. When small masses need to be measured at atmospheric pressure 
and especially in liquid, special attention needs to be paid to the resonator design for minimizing 
the fluid-based energy dissipations, such as to minimize the radiation of acoustic energy into the 
surrounding medium., to avoid squeezed film damping in small gaps and, finally, to sustain the 
vibrations despite the inevitable viscous forces. Related to this and compared to the mass sensors 
mentioned above, single crystal silicon (SC-Si) based lateral bulk acoustics wave (BAW) 
resonators have distinct benefits: 1) Microelectromechanical systems (MEMS) based on SC-Si 
have excellent mechanical properties with intrinsic capabilities for integration and size scaling. 2) 
BAW resonators have significantly higher energy storage capacity compared, for example, to 
flexural mode devices. 3) The maximum power with which a BAW device can be driven is also 
orders of magnitude higher than that for a flexural mode resonator [10]. 4) Finally, the out-of-
plane vibrations can efficiently be minimized with lateral BAWs. All these features have direct 
influence also to the fundamental limit of mass detection imposed by thermomechanical noise 
[12]:  The higher  the resonant  frequency and the Q value and the lower the effective mass of  the 
resonator, the better the resolution. In addition, the higher the mechanical energy stored by the 
resonator, i.e. the higher the displacement amplitude and the vibrating volume, the better the Q 
value and the resolution. 

Following the line of thought presented above we have previously described beneficial 
lateral BAW based resonant systems for mass sensing applications in dissipative media [13]. 
Recently, mass sensing with lateral BAW devices, in vacuum and in air, has also been reported by 
other groups [14-15]. 

The primary goal of this work was to design generic, SC-Si MEMS based, resonant mass 
sensors that can be used both in gas at atmospheric pressures and in contact with liquid with high 
Q  values.  No  ultimate  mass  resolution  or  sensitivity  was  aimed  at  as  such  but  the  goal  was  to  
demonstrate the potential of the proposed structures as mass sensors. In this paper, the design 
considerations with theoretical calculations, as well as computational and experimental results, are 
reported for one of the most promising structures. 

 
 

2. Theoretical and computational resonator design 
 

A high-Q, low-noise square extensional (SE) mode resonator was a starting point of the 
development work [16]. After some theoretical investigations, rectangular SC-Si resonator plates 
operating  in  a  wine-glass  [10,  17]  type  mode  (called  here  as  an  RWG  mode)  were  selected  for  
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more intensive studies due to their benefits for operating in contact with liquid. Figure 1(a) 
illustrates the RWG mode by displaying the relative displacements of various locations on the 
plate obtained from the finite element method (FEM) simulations [18] where the surface of the 
plate is oriented along the {100} and the sides along the {110} crystal planes. The elastic constants 
of ref. [19] and the density ( Si) of 2329 kg/m3 are applied for SC-Si in the simulations. T-shaped 
corner anchors are used to support the plate. Shallow basin/barrier structures (4.6 m in depth) are 
also shown as etched on the 25 m thick plate [see figure 1(b)] to enable the confinement of liquid 
to the central area where the maximal lateral displacements occur [figure 1(a)]. In order not to 
degrade the electromechanical coupling non-etched slices are also left close to the electrodes. The 
shallow barrier structures, designed to locate at the nodal positions or close to the areas of minimal 
displacement where possible, do not degrade the acoustic (RWG) mode according to the 
simulations.  

 
(a) 

 

 
(b) 
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(c) 
 

Figure 1. (a) The RWG mode of a rectangle resonator illustrated by the relative displacements of 
various locations on the plate (indicated by color coding, black arrows and the exaggerated 
deformation of the shape). The length (990 m) to width (495 m) ratio of  the plate  is  2.  (b)  A 
schematic illustration of the resonator and its measurement setup. The square sketched in the 
middle of the plate shows the initial gold area and the loaded mass used in the simulations of 
figure 3. (c) A SEM micrograph of the resonator. 

 
The RWG mode is a Lamé [17] type mode where the corner points are fixed, edges bend in 

anti-phase and the volume is conserved. Such an isochoric mode exhibits about three orders of 
magnitude smaller energy losses due to thermoelastic damping than e.g. a SE or a non-isochoric 
“Lamé” type mode [20] and provides optimal nodal positions for the stem connections at the 
corners to minimize the anchoring losses. It can also be shown that for the crystal orientations and 
dimensional relations used the Poisson contractions in the off-plane (z) direction vanish for an 
ideal  square plate,  and thus,  also for  an ideal  rectangle plate  that  can be considered to consist  of  
such squares stacked in-plane [17]. Due to the negligible off-plane displacements the radiation of 
acoustic energy into the media in contact with the top (x-y) surface of the plate is minimal. This is 
essential when operating in contact with e.g. water or other media having their acoustic impedance 
close to that of silicon. 

The RWG mode propagating in a rectangular plate can be approximated by two sinusoidal 
acoustic waves with the displacements in the x and y directions described as ux = 
+Acos( y/L)cos( x/L) and uy = -Asin( x/L)sin( y/L), respectively, while uz =  0.  Here  A is the 
amplitude and L the period of the acoustic wave in the x and y directions [see figure 1(a)]. To 
support the desired mode approximated by displacement functions ux and uy, the width of the 
resonator was set to L,  the length to 2L and the range of x from –L/2 to L/2 and y from –L to L 
with respect to the plate dimensions as shown in the figure. Further, by generating a 
counterclockwise rotation of 45° around z axis in the xy-plane for x,  y,  ux and uy, we get x’ = 

)(2/1 yx ,  y  ’  =  )(2/1 yx , ux’ = 
L

x'2cos
2

1
 and uy’ = 

L
y'2cos

2
1

. These 

formulas show that the wave can be considered as the superposition of two shear waves 
propagating along the diagonals of an L×L square. From the displacement functions we can 
calculate an approximate value for the effective mass: meff = hL2 = ½ mplate, where h is  the  
thickness and mplate the mass of the L×2L rectangle plate. 

The resonant frequency, fr, of a rectangle SC-Si resonator with the sides of length L and 2L 
(or a square resonator of side length L [17]) aligned along the {110} crystal planes vibrating in the 
RWG mode can be approximated by 
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Si
r

G
L

f
2
1

 (1) 

where G is the corresponding shear modulus (79.6 GPa) [19]. This gives fr  8.35  MHz  for  a  
resonator of size 495 m by 990 m. 

In general, mass loading on a resonator causes a shift in the resonant frequency ( f) that can 
be approximated by 

effr m
m

f
f

2
1

, (2) 

assuming the stiffness of the resonator does not change when mass m is added and m << meff. 
 
 

3. Experimental 
3.1 Device fabrication 
 

Highly boron doped (resistivity 10-20 mOhm cm) <100> oriented 150 mm silicon-on-
insulator (SOI) wafers with a 1 m thick buried oxide layer, a 25 m thick SOI device layer and 
pre-etched  cavities  [21]  (so  called  CSOI  wafers  [22])  were  applied  in  the  resonator  fabrication.  
The main steps of the fabrication process are shown in figure 2.  

4.4.-4.8 µm deep basin structures were etched on the rectangle resonator plates supported at 
the corners with T-shaped anchors, as show in figure 1. The width of the actuation/release gaps 
around the resonators was 1.3-1.5 m. A thin gold layer of size 293 by 293 m2 with a TiW 
adhesion layer was deposited in the middle of the resonator plate with the nominal thicknesses of 
the Au and TiW layers 20 nm and 10 nm, respectively. The position of the square is shown in 
figure 1(c). The purpose of the gold layer, although not utilized in this work, was to enable the 
immobilization of molecule specific layers onto the gold surface via thiol chemistry. All the 
surfaces, except the gold areas, were covered with a 36-41 nm thick hydrophobic C4F8 
plasmapolymer layer to improve the confinement of liquid on the resonator and to prevent it from 
entering in the actuation/release gaps or under the plates. 

 

 
 

Figure 2. Fabrication process flow to obtain free standing rectangular resonators supported at the 
corner points with T-shaped anchors (see figure 1). The process comprises of the following steps: 
a) a double side polished (DSP) wafer as a starting material, b) cavity etching with deep reactive-
ion etching (DRIE), c) wafer bonding and SOI layer thinning, d) patterning of metal contacts, e) 
release etching with DRIE, f) deposition of hydrophobic C4F8 plasmapolymer, removing it from 
the central areas of the plates by oxygen plasma etching through a shadow mask, and finally, 
deposition of gold through the same shadow mask. 
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3.2. Measurement setup 
 

The transmission characteristics of the resonators (S21) were measured using a network 
analyzer (Agilent E5070B) with a transimpedance preamplifier [figure 1(b)]. The vibrating plate, 
as well as the handle wafer and the device layer, excluding the electrodes and their contacts, were 
grounded. The drive signal was applied to the electrode at one end of the plate for capacitive 
actuation and the opposite actuation gap was used for readout. Clearly, the setup does not provide 
the most efficient electromechanical coupling, but compromises were necessary to enable safe 
introduction of liquid on the central area of the resonator far enough from the electrodes. 

In capacitive coupling the force is proportional to the voltage squared of the drive signal. In 
the case of DC biased drive, where the drive signal U = UDC + ûsccos( t) consists of the DC bias, 
UDC, and an AC signal of amplitude uac , [i.e. the switch in figure 1(b) is closed],  the force to the 
resonator is generated at the drive frequency, while in AC biased drive the drive/bias signal is 
simply U =  ûAC cos( t) [the switch in figure 1(b) open] resulting to a force of the form 

)2cos(1
4

ˆ 0
2

t
d
CuF AC

ac , (3) 

where ûAC is the amplitude of the AC drive voltage [Uin in figure 1(b)],  the angular frequency, d 
the gap size and C0 the capacitance with a zero displacement. Thus, to excite the resonator at fr, an 
input signal at fr/2 is required. To gain equivalent forces with the DC and AC biased drives, i.e. Fac 
= Fdc, the following equation needs to be satisfied: acDCAC uUu ˆ4ˆ . For example, ûAC = 20 V in 
an AC drive generates a force equal to that generated by a DC biased drive with UDC = 70 and ûac 
= 1.5 V. 

In the measurements an AC biased drive (ûAC = 20 V) was used with a DC biased (UDC  = 70 
V) readout. Here the main advantage of the AC bias comes from the fact that when the drive signal 
is  at  a  different  frequency  from  that  of  the  readout  so  are  also  the  unwanted  currents  due  to  
parasitic capacitances. 

  
 
4. Results and discussion 
 

FEM simulations on mass loading [18] were performed for various resonators. In figure 3 
the change in the resonant frequency is depicted as a function of the mass added on the center of 
the plate. The RWG mode resonators were simulated as described in section 2. The location of the 
added mass is shown in figure 1(b) as a square of size 293 m by 293 m sketched in the central 
basin. In the simulations the thickness of the layer of the added mass was varied between 5 and 

200 nm while keeping the density (1000 kg/m3) and stiffness (1 GPa) constant. The stiffness of 
the  layer  was  set  small  compared  to  that  of  silicon  [19]  in  order  not  to  increase  the  effective  
stiffness of the structure but to simulate the mass sensing properties.  
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Figure 3. Relative frequency shifts for various resonators as a function of mass added on the 
center of the vibrating plate obtained by FEM simulations (curves A-C). The area of the added thin 
layer is 0.086 mm2 and its location is shown in figure 1(b) as the square sketched on the basin. The 
thickness  of  the  simulated  layer  was  varied  between  5  and  200 nm while keeping the density 
(1000 kg/m3) and stiffness (1 GPa) constant. Open circles (F) indicate the experimental data for 
the added mass of 0, 0.5, 1 and 3 nm thick gold layers sputtered on the central area of 0.157 mm2. 

 
It can be seen that the thicker the plate the smaller the response, as expected from equation 

2. In addition, the designed basin/barrier structures on the plate appear to steepen the slope, or 
increase the mass sensitivity, when compared to a plate of equal thickness but without the barriers 
(curve B vs. curve C in figure 3). This seems to be contrary to the fact that the barriers increase the 
total mass of the resonator. Nevertheless, the additional mass of the barriers should have relatively 
small influence on the effective mass of the resonator due to the fact that the barriers are mostly 
located at the points of minimal displacement. More detailed comparisons of the simulated 
displacement distributions of the RWG mode on different resonator plates revealed, however, that 
for the resonators with the barrier structures the relative displacements are about 10-15 % higher at 
the centre of the plate than at the four displacement maxima on the long edges of the same plate 
[see figure1(a)], while for a plate without the barriers all the maxima, both at the centre and near 
the edges, show very similar displacements. Thus, the structures etched on the resonator appear to 
somewhat enhance or concentrate the acoustic mode, or the relative amplitude of the lateral 
displacements,  and  therefore,  increase  the  mass  sensitivity  at  the  central  area  of  the  plate.  The  
results are in accordance with the previous observations that the mass sensitivity distribution on 
the surface of a quartz crystal resonator closely follows the vibration amplitude distribution of the 
resonator [23]. 

As shown above in Section 2, theoretically meff   ½ mplate for the RWG mode of a rectangle 
resonator. However, application of equation 2 is not straight forward for the data shown in figure 
3, because the layer of added mass is distributed over a relatively large area around the centre of 
the resonator covering not only the points of maximal displacement. Equation 2 can be fitted to the 
simulated curves (D fitted to A and E to B in figure 3) by setting meff   0.85mplate. This means that 
the apparent “effective mass” of the resonator seems higher for the distributed mass loading in 
question than what equation 2 predicts for a localized added mass at the point of maximal 
displacement, as expected in the effective mass approximation. Cagliani et al. have previously 
reported on related observations for a bulk disk resonator under different mass loadings [24]. The 
mass sensitivities obtained from the slopes of curves A, B and C are 21, 25, and 27 ppm/ng, 
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respectively. The corresponding sensitivities with respect to the surface mass densities are 18, 22 
and 23 ppm cm2/ g when calculated for the area of the added mass (293×293 m2) and 103, 123 
and 132 ppm cm2/ g for the total area of the resonator.  

Experimental data obtained by sputtering thin gold layers through a shadow mask on the 
central area of a resonator is also shown in figure 3. The thicknesses of the layers were 0.5, 1 and 3 
nm and the area 0.157 mm2. The data agrees well with the FEM simulations (curve D in figure 3) 
suggesting that no significant change in the effective stiffness of the structure occurs with such 
thin gold layers. On the other hand, the films were deposited mainly on the areas of maximal 
displacement and minimal strain, and therefore, the response to the possible changes in the strain 
is not expected to be very significant in any case. Figure 4 depicts the transmission responses (S21) 
measured in air for the selected thicknesses of gold sputtered on the RWG mode resonator. 

 

 
 

Figure 4. Transmission responses of an RWG mode resonator of figure 1 for different thicknesses 
of  gold  on  the  plate  measured  in  air  at  atmospheric  pressure.  The  added  gold  covers  an  area  of  

0.157 mm2 at the centre of the resonator.  
 
In figure 5 the S21 response is shown for a resonator of figure 1 in air and with the central 

basin filled with water. A plastic cover with shallow sample cuvettes around the resonators and 
holes for water injection was used in the measurements to control the liquid and to prevent the 
evaporation. Similar to the data shown in figure 5, the Q values, based on the measured S21 
resonance frequency and 3dB bandwidth are typically 20000 in air at atmospheric pressure and 
vary in the range of 1000-2000 in contact with liquid i.e. with the basin of the resonator plate filled 
with water or a liquid of similar viscous properties. The values were determined for more than 30 
samples.  The  measured  Q  values  in  air  are  about  a  factor  of  two  higher  than  those  typically  
reported for MEMS resonators at corresponding pressures [1, 7]. The measured Q values, both in 
air and in contact with liquid, are also order(s) of magnitude higher than the corresponding values 
reported for FBAR or cantilever resonators and similar to those of QCM [1-4, 25].  
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(a) 

 
(b) 

 
Figure 5. Transmission responses of an RWG mode resonator measured (a) in air at atmospheric 
pressure (Q = 19800) and (b) in contact with liquid (Q = 1740), i.e. with the central basin (see 
figure 1) filled with water. 

 
As described in Section 2 damping caused by the radiation of acoustic energy into the fluid 

should be minimal with the designed resonators. Further, since the squeeze film damping in the 
actuation/release gaps is similar – and relatively small according to the measured Q in air – both 
for the measurements in air and in contact with liquid, viscous drag is expected to be the dominant 
cause of the energy dissipations with liquid. To estimate the influence of viscous damping on the 
Q value, the solution of the Navier-Stokes equation for an incompressible fluid on a resonator 
vibrating parallel to its plane surface is used. Following the procedure of Vignola et al. [26], the 
vibrating surface in contact with liquid, A, is divided into elements Ai, small enough that the phase 
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and the vibration velocity vi = v0ie-j t,  where j = (-1)1/2, can be considered approximately uniform 
over Ai. For such a system [27], the viscous force on Ai can be expressed as  

 

ifluidivis jF )1(2
1

,   (4) 
 

where  and fluid are the viscosity and density of the fluid and  =  2 fr the angular resonant 
frequency. The energy dissipated per unit time on Ai can then be written 
 

ifluidiivis AE 2
12

02
1

, .     (5) 
 
The quality factor is defined as 2  times the ratio of the total energy stored in the resonator to the 
energy dissipated per cycle. When the stored energy is expressed as the peak kinetic energy Ekin = 
½ m 0i

2, the quality factor limited by viscous damping (Qvis) can be written for the rectangle 
resonator as 

fluid
Sivis A

LhQ 22 2

,   (6) 

where h is the thickness of the resonator plate. 
Table 1 lists the Qvis values calculated for different water contact areas on the resonator. It 

can be seen that the measured Q factors for the resonators in contact with water (e.g. Q  1740 in 
figure 5) are in good agreement with the calculated Qvis values suggesting that viscous damping is 
the dominant dissipation mechanism in this case. The variations in the measured Q values (1000-
2000) with the basin of the resonator plate is filled with water can be explained by the changes in 
the contact area of the liquid to the resonator: According to the calculations, for example, Qvis is 
1900 when the contact area covers the bottom of the central basin, and decreases to 1270, if the 
contact  area  is  increased  by  the  area  of  the  central  barriers.  Further,  it  is  interesting  to  see  that,  
according  to  Table  1,  the  Q  value  is  expected  to  settle  to  about  500,  if  the  resonator  were  fully  
covered by a water droplet. 
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Table 1. Calculated Qvis values for different areas of water on a resonator of size 495 m by 990 

m vibrating parallel to its plane surface. 

Description of the water contact area on 
the resonator with respect to the features 

shown in figure 1 

Water contact 
area, A (m2) 

Ratio of A to 
the area of the 

resonator, 
A/(2L2) 

Calculated 
Qvis 

Square in the central basin 8.6113×10-8 0.18 2940 

Bottom of the central basin 1.3349×10-7 0.25 1 900 

Bottom and the area of the barriers of the 
central basin 1.9881×10-7 0.41 1 270 

Top area of a L×2L plate 4.9005×10-7 1 520 

No water, only air at NTP conditions on a 
L×2L plate 0 0 104 360 

 
 
In order to get an approximation of the resolution of the resonator as a mass sensor under 

the unoptimized measurement conditions used, sequential measurements of S21 were performed in 
air and the standard deviation of fr was calculated from the data to estimate the frequency noise. 
When an estimated frequency noise of 0.1 ppm and the mass sensitivity of 27 ppm/ng obtained for 
the sputtered gold are applied, a mass resolution of ~ 3.7 pg can be deduced for the experiments 
presented above. As discussed with the results of figure 3, it should be noticed, however, that the 
mass sensitivity and, thus, the resolution also depend on the distribution of the added mass on the 
resonator.  

 
 

5. Conclusions 
 
The main design aspects and preliminary characterization of a rectangle bulk acoustic 

resonator as a mass sensor was presented. High quality factors both in air and in contact with 
liquid were demonstrated for the RWG mode resonant MEMS sensors and the origin of the results 
were discussed. A new way to provide some enhancement in mass sensitivity was also proposed. 
The results presented suggest that single crystal silicon based MEMS resonators can still open up 
new design options for sensitive mass detection of both liquid and gaseous samples. The potential 
of the proposed sensors is further emphasized by the fact that the silicon based microsystems 
technologies provide intrinsic capabilities for the fabrication of multi-sensor arrays as well as for 
integration. 
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