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Abstract
This paper presents a discussion on the fabrication, characterisation and testing of a degenerate mode
resonant mass sensor which takes the form of a crystalline silicon MEMS circular diaphragm. The device
is fabricated from the device layer of a SOI wafer which is bonded anodically to a Pyrex substrate. The
efficacy of the fabrication process is assessed. Characterisation of the diaphragm is performed by
actuating the diaphragm electrostatically and measuring its response using optical surface profilometry
and laser Doppler vibrometry. The temperature stability of the degenerate modes of vibration is
investigated and it is shown that the initial frequency split in the resonant frequencies of these modes does
not change significantly with temperature. Structures which present a symmetric surface profile after
processing show remarkable temperature stability. The performance of the device as a mass sensor has
been evaluated by functionalising specific sectors of the diaphragm to provided bonding sites for a
S100ββ protein. Added masses down to a level of 9pg were detected.
1.0
Introduction
In a recent paper, [1], the principles of a circular diaphragm MEMS mass sensor were described and some
preliminary test results on prototype diaphragms were presented. Unlike conventional resonant mass
sensors such as the quartz micro balance et al, [2], where added mass is recorded by noting the absolute
change in the resonant frequency of a selected mode, this device achieves the measurement by
determining the split in the resonant frequencies of a pair of degenerate modes-the cos 2q and sin 2q
circumferential flexural modes of the diaphragm. For the case of a perfectly cyclically symmetric device

these modes share a common resonant frequency –a feature called degeneracy,[3,4], - but when mass is
added to specific regions the symmetry is broken and the frequencies suffer a separation proportional to
the added mass. In this construction the additional mass is designed to be uniformly added to the top
surface of the diaphragm over four identical circular sectors which are specifically displaced with respect
to each other by an angle of 90º. Each sector is chemically functionalized to immobilize the target analyte
onto the diaphragm’s surface. Excitation and sensing of the cos 2q and sin 2q flexural modes was
achieved capacitively using eight identical, equi-spaced, electrode sectors deposited on the substrate, in a
cavity immediately below the diaphragm. These electrodes were positioned so that alternative electrodes
aligned circumferentially with the functionalized sectors. The theory developed in [1] showed that the
frequency split due to added mass was robust to changes in temperature. This behaviour was verified
experimentally from frequency response measurements taken on a 100μm diameter and 1μm thick
polysilicon diaphragm, using electrostatic actuation and laser vibrometry.
The polysilicon diaphragms used in the initial tests were fabricated using a multi layer deposition and
etching process developed at the Tyndal Institute for the manufacture of a sealed cavity pressure sensor,
[5]. This process is complex and required the order of 200 individual steps to achieve a completed
diaphragm. A consequence of this large number of process steps was that the yield was very small and on
‘working’ devices good cyclic symmetry was difficult to achieve due to small inconsistencies in
deposition conditions causing geometry, stress and material variations across the diaphragm. Never-theless these preliminary findings were very encouraging and the investigators considered it worthwhile to
continue with the development of the sensor. It was seen important to examine how such a device could
be more conveniently and consistently manufactured and to find out which fabrication issues governed
the performance of the device.
The following work describes: (i) the manufacture of a single crystal silicon diaphragm of diameter
150μm and of 2±0.5μm thickness, (ii) the measurements taken on the diaphragm to assess the efficacy of
the manufacturing process and the behaviour of the diaphragm as a degenerate mode resonator and (iii) its
performance as mass sensor by considering the detection of the biomarker S100ββ protein, which is a
relatively small biological molecule (~20kDa) released into the peripheral blood stream during brain
damage.
Fig. (1) shows the basic construction of the sensor.
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2.0
Fabrication
To minimise the value of any initial split in the resonant frequencies of the working modes it is important
to choose a conducting material which provides circumferential uniformity of Young’s modulus, density
and diaphragm thickness. It is also important to choose a fabrication process that is well characterised and
has a minimum of critical steps. Previous work on the manufacture of a three axis gyroscope, [6], has
shown that the first of these requirements can be met by selecting a highly doped <111> silicon to be the
device material of the diaphragm. The creation of a suitably thinned layer of <111> silicon, of the order
of 2μm thick, is most easily achieved by obtaining the device layer from a commercially available SOI
and then removing the silicon handle layer by wet and then dry etching. The substrate wafer of the final
device must be insulating, to electrically isolate the drive and sense electrodes, and in this case was
chosen to be polished Pyrex 7740. The thermal coefficient of expansion of this glass closely matches that
of silicon, it can be dry etched (AOE) and bonded anodically to silicon. For this fabrication method the
critical steps were found to be the etching of the glass to achieve a good cyclically symmetric pattern for

the electrode cavities and the quality of the anodic bonding in the important regions near the edges of the
diaphragm and the afore mentioned cavities.
Comprehensive details of the fabrication process are given in [7]. For the purposes of this paper the
principal steps of the fabrication process are shown in Fig. (2) and an SEM image of the cross-section of
an actual device is given in Fig. (3)

Figure 2 Overview of fabrication process

Drive/sense
electrode

Circular
diaphragm

Remaining
handle silicon
Under-cut
buried oxide
Gold
functionalized
area

Shielding line

Electrode
gap

Figure 3 SEM image of the cross-section of a device
2.1

Initial evaluation

The temperature at which anodic bonding was performed was found to be important. A finite element
analysis (ANSYS 9.0) of a silicon device layer bonded to similar glass substrate wafer was carried out for
different bonding temperatures. To simplify the analysis, local effects caused by the cavities etched into
the glass were neglected. Using published data on the thermal expansion coefficients of silicon and Pyrex,
[8], the results shown in Fig. (4) were determined and showed that a bonding temperature of the order of
270ºC produced a stress free condition in the silicon. Since it is advantageous to try and manufacture a
flat diaphragm and thus avoid any form of buckling it was considered desirable to maintain a ‘slight’
tensile stress in the diaphragm. Therefore to ensure that only tensile stresses are developed after bonding
the analysis suggests that temperatures of the order 320ºC to 350ºC should be used.

Figure 4 Anodic bonding temperature versus induce stress

Figure 5 Fractured diaphragm
Using four wafers with 38 diaphragms per wafer, trials were performed on the anodic bonding process.
The applied voltage was set to 600V and the bonding temperatures chosen to be 300ºC, 325ºC, 350ºC,
and 375ºC. For the temperature of 375ºC the majority of diaphragms on the wafer tended to fracture at
their edge, as shown in Fig. (5). When the temperature was dropped to below 350ºC fracture did not occur
and successful bonding was achieved at temperatures of 300ºC, 325ºC and 350ºC.
To provide an initial evaluation of the diaphragm, its flatness was measured using a Zygo NewView
optical surface profiler. Three ‘types’ of diaphragm were identified: (i) almost flat, (ii) symmetrical
deformation and (iii) non symmetric deformation. These are shown in Fig.(6). This type of classification
is useful when interpreting the dynamic characteristic of the diaphragm.

(i)
(ii)
(iii)
Figure 6 Surface profile of diaphragms, (i) Flat, (ii) Symmetric, (iii) Non symmetric

These results suggest that the radial stress distribution across the thickness of the diaphragm is not
uniform and that this produces internal bending moments which cause the curvature. It is speculated that
the non-symmetric forms are as a result of effects caused by local imperfections in the bonding occurring
due the cavities etched into the glass. The distribution of these types across a given wafer, Fig 7, did not
follow any consistent pattern and this also varied from wafer to wafer. Displacements measured at the
centre of each diaphragm were seen to vary over the range 0-1μm, with the greatest variation occurring in
the wafer bonded at 300ºC. Fig.(8) shows the displacement histogram for this wafer.

Figure 7 Wafer layout

Figure 8 Displacement histogram

3.0

Device Characterisation

Characterisation of the diaphragm was performed after mounting the die onto a dual-in-line package
(DIP), as shown in Fig (9). Dies from two wafers, labeled SOI 17 and SOI 18, were used for this purpose
and a total of 14 devices were characterized.
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Figure 9 Dies and packaging

Testing of individual devices was performed under vacuum (about 0.02mbar) using the optical
profileometry and laser Doppler vibrometry test station shown in Fig. (10). Both the static and dynamic
responses were measured and these were actuated electrostatically using the set of electrodes beneath the
diaphragm. The temperature of the device was controlled over a 15ºC to 45ºC range using a blow heater
directed onto the test chamber and a type K thermocouple placed on top of the DIP.
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3.1

Static Tests

Pull-down tests were performed on a diaphragm by simultaneously applying the same dc voltage V to
each electrode in the set. For the ‘well made’ device this excitation should produce an axi-symmetric
response. Fig. (11) shows a typical optical profileometry measurement of displacement taken from such a
device as measured along a diametrical line. Fig. (12) shows that the central displacement, Wmax ,
increases linearly as a function of V 2 . The linearity of this curve allows the tension in the diaphragm to
be predicted from simple plate theory, [9], and for this case a value of 74Nm -1 is found.

Figure 11 Displaced shape of diaphragm 17 (SOI-18) on the 300ºC wafer for an applied voltage of 65V

Figure 12 Central displacement Wmax versus V 2
During this evaluation it was observed that significant asymmetric deflections were produced on some
diaphragms and this was traced to individual electrode failure (broken interconnects or short circuits).
This was the major failure mechanism associated with the trial and typically about 8 (out of 38) devices
per wafer exhibited this fault.

3.2

Dynamic Tests

The evaluation of the dynamics of the diaphragm started with a measurement of the diaphragm’s first
three natural frequencies and mode shapes. Fig. 13a,b shows the results of a frequency response test
performed on diaphragm 17 (wafer-SOI-18) of the 300ºC wafer. The first three natural frequencies are
clearly identified.

Figure 13a Mode shapes

Figure 13b Resonant peaks
The shapes of the three modes were obtained by driving the diaphragm at each resonance in turn and then
measuring the response along routes which picked out the radial and circumferential form of the
displacement.
To evaluate the effect of air pressure on the response of the sensor, a series of measurements were taken
from 0.1mbar to atmospheric pressure. It can be seen from Fig. 13c that the general effect of air pressure

is to reduce the Q of the device and thus its sensitivity by an order of magnitude. Subsequent testing was
performed under vacuum.

Figure 13c Response of the sensor at various operating pressures.
3.3

Interpretation of Data

The measurement clearly identifies the modes as being the axi-symmetric fundamental flexural mode and
the first of the set of modes with one and then two nodal diameters.
It should be possible to estimate the tension in the diaphragm using the stiffness and frequency data
presented in Figs 12 and 13 and the following predictions were obtained using the procedure given in
Appendix 1. These estimates were based on the assumption that the diaphragm’s thickness could be
reasonably estimated from the manufacture’s measurements on the SOI wafer. The thickness of the
device layer was measured at nine location points on the wafer using Fourier transform infrared
spectroscopy and in the region which contained this device the thickness was quoted as being h ˷ 1.61mm .
The tension prediction is very sensitive to the value assumed for h and the results shown in Table 1
should be regarded as a guide only.
Test
Pull-in stiffness
First Mode Frequency
Second Mode Frequency
Third Mode Frequency

Predicted Tension Nm-1
74
188
53
45

Table 1 Diaphragm tension
It seems that the diaphragm is under slight tension, if the result relating to the first mode frequency is set
aside. At this stage the significant ‘over prediction’ in tension of 188Nm -1 associated with the first mode
frequency cannot be satisfactorily explained.

For this device the mode which will be used to detected added mass is identified as the third mode shown
in Fig 13b and that this mode, classified as the 2q mode, has a natural frequency of about 4.14MHz.
Similar tests on the other working devices showed that the natural frequency of this mode had values in
the range 3 to 5MHz. This variation, which is large, is principally attributed to the variations in the
thickness h of the diaphragm. The natural frequency of the diaphragm is directly proportional to the value
of h and the data supplied by the SOI manufacturer showed that the thickness of the SOI device layer
varied from 1.6 to 2.5 mm . This uncertainty in natural frequency due to diaphragm thickness variation is
not critical when determining added mass by measuring frequency split. The results of [1] show that the
frequency split Df is related to added modal mass Dm through the relationship,

Df =

Dm
f,
M

(1)

where M and f are the modal mass and the natural frequency of the 2q mode respectively. Since the
values of both M and f are directly proportional to h it follows from equation (1) that the frequency split
for a given added mass should be, at least to a first order, independent of wafer to wafer variations in
device layer thickness.
3.4 Frequency Split
Although every effort was made to manufacture cyclically symmetric devices the initial tests on
diaphragm flatness indicated that imperfections where present and that these could cause an initial
frequency split between the frequencies of the degenerate modes. This was indeed the case and the
frequency response function, shown in Fig. 14, for diaphragm 17 (wafer-SOI-17) shows a split of about
90KHz between the modal frequencies of the cos 2q and sin 2q modes. For other diaphragms the
frequency split ranged from 18~240 kHz.

Figure 14 Frequency split of diaphragm 17 (wafer -SOI-17)

Fig. 14 also shows the drift of the modal frequencies over a six month period. However, it can be seen
that the frequency split is maintained and does not show any first order variation over this period.
Temperature variations will cause a drift in the absolute frequencies due to changing geometry, stresses
and material properties. To investigate the stability of the frequency split, the diaphragms were heated
over a temperature range of 15-45ºC using the heating-thermocouple arrangement shown in Fig. 10. For
diaphragms 17 and 28 on wafer SOI-17, the frequency of each mode was measured at a set of
temperatures and Fig. 15 shows how these vary with temperature.

Figure 15 Frequency v’s Temperature
Fig. 15 shows that the frequency split for diaphragm 17 is maintained over the temperature range and this
split has a temperature sensitivity of 2Hz/ ºC. For the case of diaphragm 28 the split is not maintained and
is seen to reduce as the temperature is increased. For this case the temperature sensitivity of the frequency
split was 698Hz/ºC. It was observed that diaphragm 17 had an axi-symmetrical surface profile after the
anodic bonding process whilst the surface profile for diaphragm 28 was non-symmetric. This
characteristic was observed for other diaphragms and this suggests that the thermal stability of the
frequency split depends on the fine details of the asymmetry produced in the diaphragm during
manufacture.
4.0
Demonstration-Detection of S100ββ Protein
To demonstrate the use of the degenerate mode mass sensor as a tool for the detection of biological
species, its performance was evaluated by detecting the S100ββ protein through a direct immunoassay
procedure format. In order to disrupt the axisymmetry of the membrane during the biological recognition
event, only specified regions of the diaphragm were previously bio-functionalized with the monoclonal
capture antibody (S53 MAb). The site-specific bio-functionalization of certain regions of the diaphragm
was achieved via chemisorption of modified antibodies [10] on the gold segments, shown in Fig. 16,
previously obtained by evaporation onto the diaphragm top surface. In order to prevent non-specific
adsorption of proteins on the silicon diaphragm regions not modified with gold, the surface was treated
with a short hydrophobic silane prior to biofunctionalization of gold regions. The schematic sequence for
functionalization and immunoassay protocol is shown in Fig. 17. Note that each wafer contained several
larger dies, this facilitated bio-functionalization which was accomplished via a dipping procedure.

Figure 16 Gold segments. Axes indicate nodal diameters for the 2 modes of interest.

Figure 17 Surface functionalization and addition of S100ββ protein
For steps (c) to (e) in the above process, the frequency split was measured and the results obtained are
presented in Fig. 18.

Figure 18 Frequency split measurements
Fig. 18 shows there was a significant change in the frequency split of about Df1 = 2739 ± 209Hz after the
functionalization step with the anti-S100bb antibody. This equates to an increased in mass of about 84 ±
6 pg and thus to an equivalence of 6 X 10-12 mol cm-2. This represents a compact monolayer added to the
gold region.
Further incubation with the S100bb antigen increased the split by Df 2 = 701 ± 258Hz and represented an
increase in mass of about (21 ± 8) pg. The ratio of these splits, Df1 Df 2 ˷ 0.26 , match with the
respective molecular weights of the anti-S100bb antibody (150 kDa) and the S100bb antigen (20 kDa).
The antibody and the antigen combine in a ratio of 1:2 (2 recognition sites per antibody) and this
corresponds to an added mass ratio DM r = (2 × 20) / 150 = 0.27 . It is therefore indicated that the active
antibody monolayer was able to detect 1× 10 -15 mol of S100bb antigen and that 100% of the recognition
antibodies bonded specifically to the S100bb antigen.
There was no significant change in the split after further addition of the secondary antibody, S21. A split
of Df 3 = 303 ± 179Hz was seen and this implied an added mass of (9 ± 5) pg. A bigger split than this was
expected and further biochemical tests (ELISA - enzyme-linked immunosorbent assay) revealed that this
sandwich combination was not optimal. Moreover, it was speculated that the concentration of secondary
antibody (S21) may have been too high so that unwanted adsorption to the silicon region occurred.

5.0 Conclusion
The SOI fabrication of a MEMS degenerate mode resonant mass sensor in the form of an electrostatically
actuated circular diaphragm has been described.
Initial static and dynamic testing of one diaphragm suggested that this diaphragm was in tension after
fabrication. However surface profiling over a set of diaphragms showed that some diaphragms were
bowed (up and down) and this does not support the conclusion that all diaphragms are in tension.
Imperfections in the manufacturing process caused initial frequency splits of the ideally identical
degenerate modes and for devices which had operational frequencies of the order of 5MHz, these splits
were in the range 20-200kHz. Characterization of a set of diaphragms showed that those diaphragms
which had an axi-symmetrical surface profile after anodic bonding had frequency splits which remained
substantially constant (~2Hz/ºC) over the temperature range 15 to 45ºC and thus produced a robust device.
Those diaphragms which did not have an ideal surface profile produced variations in frequency split
which were more than an order of magnitude greater (~698Hz/ºC ) than those with an axi-symmetric
surface profile.
The performance of the device as a biological mass sensor was evaluated by demonstrating it could detect
the presence of the S100ββ protein by binding the protein to functionalized gold regions on the diaphragm.
Initial trials showed that the presence of 6 X 10-12 mol cm-2 of protein could be detected when the sensor is
operated under vacuum.
The system described is currently being applied to the diagnosis, monitoring and treatment of cancer in a
multi-partner EC research project and the technology is applicable to any area of diagnostic measurement
which requires simple, rapid analysis procedures.
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Appendix 1
It has been shown in [11] that the free vibration, weinq , of a circular diaphragm of radius a under
uniform tension T ( Nm-1 ) and vibrating at frequency w can be found from the solution to the equation

䌛4 w -

T 2
rhw 2
䌛 w=
w.
D
D

(A1)

1 d n2
Eh 3
In the above 䌛 = 2 +
is the Laplace operator, D =
is the flexural stiffness of the
x dx x 2
12(1 -n 2 )
dx
diaphragm, x = r a and q are the non-dimensional radial and angular coordinates respectively of a point
in the plate and r , h , E and n are density, thickness, Young’s modulus and Poisson’s ratio respectively.
2

d2

If T = 0 it is also shown in [11] that
w = Jn(ax) -

Jn(a )
In(ax)
In(a )

(A2)

and

w=W=

a 2h D
,
a2 r

(A3)

where a is the solution to

J n (a )
I (a )
+ n
= 0.
J n +1 (a ) I n +1 (a )

(A4)

If w is known from experiment then equations A1 to A4 can be used to provide an estimate for the
tension T by employing Galerkin’s method to give

J n (a )

1

2

a
T ˷ rh(w 2 - W 2 ) 2
a

䌿0 x( J n (ax) - I n (a ) I n (ax)) 2 dx
J 2 n (a ) 2
a
(
(
)
x
J
x
I n (ax))dx
䌿0 n
I 2 n (a )
1

(A5)

2

A similar approach can be used to estimate tension if the maximum static displacement Wmax to a

e V2
uniform electrostatic pressure p = 0
is known. Here h g is the gap between the diaphragm and the
2hg
substrate and e 0 is the permittivity of free space. Assuming the displacement to be of the
form w = Wmax (1 - x 2 ) 2 ,[9], the tension follows as

T˷

e0
V2
(
- 1) .
a 2 128Dhg Wmax

16 D

(A6)

