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ABSTRACT

We present a parametric resonance-based mass sensor,
comprised of a single-crystal silicon micro-oscillator with
sensitivity at the pico-gram (107'? g) level when operating in air.
This mass sensor detects mass change by measuring frequency
shift at the boundary of the first order parametric resonance
‘tongue’. High sensitivity is achievable due to the sharp jump in
amplitude caused by parametric resonance at predictable drive
frequencies. Pt deposition using focused ion beam and water
vapor are used to change the mass of the testing oscillator. The
results show that the sensitivity can be > 1 order higher than the
same oscillator working at simple harmonic resonance mode. The
effect of noise on mass sensing ability in this nonlinear dynamic
system is considered as well.

INTRODUCTION

The concept of tracking resonant frequency shifts of
micro/nano-oscillators in simple harmonic resonance mode to
measure mass change is a well-established technology in
applications of chemical and biological sensing. In a micro-
cantilever array, information on cantilever resonance frequency
shifts can be used for recognition of a variety of chemical
substances, such as water, primary alcohols, and alkanes [1]. A
single cell with an estimated mass of about 0.7 pico-gram has been
detected based on a micro-cantilever [2]. By creating even smaller
oscillators, such as in nano scale, the ability of detecting
femtograms or even attograms of mass change should be
achievable [3].

One of the factors which limit the sensitivity of the simple
harmonic resonance (SHR) based mass sensors is the quality factor
(Q). Micro/nano-oscillator with high Q can detect small mass
changes in the system because of the ability to resolve small
frequency shift. Very low pressure and temperature is desired in
many of these high-sensitive mass sensors, which makes the
applications very limited. The sensitivity of mass detection can be
dramatically lowered when operating in air or water, where Q can
be less than 10.

In previous work, we have reported the concept of mass
sensing using parametric resonance phenomenon [4, 5]. This mass
sensor detects mass change by measuring frequency shift of the
stability boundary of the first order parametric resonance tongue
[4, 5]. This transition at the boundary is very sharp, thereby
making small frequency changes easily detectable and the
resolution high [5, 6]. Since quality factor will not affect the
sharpness of the transition, very small mass change can be detected
in high pressure, even in air.

In this work, we present the first results on a mass sensor
based on parametric resonance phenomenon. This preliminary
device has sensitivity at the pico-gram (10™? g) level when
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operating in air. This mass sensor is comprised of a single crystal
silicon micro-oscillator (Fig.1), in which the backbone is supported
by four folded beams to provide recovery force for the oscillation
and driven by a set of non-interdigitated comb-fingers using
fringing-field electrostatic force. Parametric resonance can be
activated at certain frequencies because the non-interdigitated
comb-fingers tune the stiffness of the oscillator [5]. To ‘create’
mass change to test the concept, Platinum is deposited on the
backbone using Focused Ion Beam (FIB). A similar micro-
oscillator is designed as a reference in the same package to
improve the sensitivity of mass sensing through common-mode
rejection.
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Figure 1. A SEM picture of the mass sensor. It has a backbone, 4
springs with folded beams to provide recovery force and one set
of non-interdigitated comb-fingers to drive the oscillator. Pt
deposition to change mass is schematically shown in this
picture.

A noise analysis has been completed to determine the effect
of noise on the device sensitivity. Because of the nonlinear
dynamics nature of parametric resonance, the noise mechanism
differs from normal simple harmonic resonance based mass
sensors. Thermal noise, Brownian motion and actuation voltage
fluctuation have been considered here. Both the experiment and
analysis show that Brownian motion is the main noise source in
mass sensing application of parametric resonance in air.

The ultimate sensitivity of the conceptual mass sensor is
studied by testing water vapor content change in the environment.
Less than 1 pg of mass change in the oscillator has been detected
in air. Significant improvements of this technology are achievable
by reducing the size of the structure. This is discussed later in the

paper.
THEORY

In previous work, we have discussed the parametric
resonance dynamics of a similar oscillator in detail [S, 7]. The
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micro-oscillator, shown in Fig.1, can be simplified as a mass-
spring system with electrostatic force as the driving force. When
electrical signal is applied on the non-interdigitated comb-fingers,
the electrostatic force generated is dependent on the position of the
oscillator. In the experiments presented here, we use a square

rooted AC voltage signal W, (1+cos2wt)%) to isolate the

parametric resonance from direct harmonic response [6]. The
movement of the device is governed by nonlinear Mathieu
equation [5].
d’x dx

S+ a—+(B+26c0s20)x+ (8, + 8, cos20)x’ =0 (1)
dt dr : :
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m, k; and k3 are the mass, linear and cubic mechanical stiffness of
the oscillator, ¢ is the damping coefficient, r; and r; are linear and
cubic “electrostatic stiffness” and =ax is a normalized time [5].

Figure 2 schematically shows the dynamics of this nonlinear
Mathieu equation in £-6 plane defined above [5]. According to
dynamic characteristics, -0 plane can be divided into three areas.
Area II inside the “tongue” is the resonance area of the first order
parametric resonance with one non-trivial solution, while area I
and III are non-resonance area with one trivial solution in area I
and One trivial solution plus one non-trivial solution in area III
The characteristics of solutions in each area are schematically
shown in Fig.2 as well, where “S” means stable and “U” means
unstable. Here we only consider stable solution, since unstable
solution cannot be observed experimentally. The dynamics can be
more easily understand in an experimental frequency response as
shown in Fig.3.
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Figure 2. Dynamic characteristics of Nonlinear Mathieu
Equation in the (-0 plane. p=1%0 are the transition curves,
which divide -8 plane into Area I, II, IIl. Note the damping
effects on transition curves and how the positions of the stable
(dark trace) and unstable (broken trace) points vary as f and¢é
are varied quasi-statically.

Figure 3 shows the typical frequency response of parametric
resonance inside resonance area (area II) and outside of the
resonance area (area I and III). As the driving frequency goes up,
the amplitude of the oscillator increases from the left boundary of
area II and keeps increasing past the boundary of area III. The
frequency where the drop happens depends on initial condition of
the frequency applied. When sweeping down the driving frequency
from area III, movement of the oscillator jumps to a large value

50

from zero at the right boundary of area II and reduces in amplitude
thereafter until it reaches zero at the left boundary of area II. The
frequency at the right boundary of area II, where the “jump”

L Jak+2rVE /S where k, m, V4
2r "

and r are stiffness, mass, driving voltage amplitude applied
and the coefficient of electrostatic force respectively. A
small mass change (4m) in the oscillator causes this “jump”
frequency to shift (4f). Therefore, this mass change can be
detected by measuring the frequency shift. Figure 4 shows
the mechanism of parametric resonance based mass sensor,

where the mass change is given by | Am| _2m|Af% .
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Figure 3. A frequency response curves of the first order
parametric resonance inside and outside of stability region. Area
Il is inside of “tongue”, as shown in Fig.2, while I and Ill are
outside. When sweep frequency down, resonance only happens in
area Il and there is completely no movement in area I and I1l. A
jump happens at the right boundary of area Il.
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Figure 4. Schematic of the mechanism of parametric resonance-
based mass sensor. By measuring the frequency shift at right side
of area Il (Fig.3), mass change in the oscillator can be found.

The sensitivity of parametric resonance based mass sensor
depends on the smallest frequency shift we can measure. Since the
“jump” is a characteristic of nonlinear dynamics, the detectable
frequency shift can be very small. In our previous work, a 0.001Hz



frequency shift has been observed [6]. Damping affects the
resonance boundary of the tongue, as shown in Fig.2. At high
damping, for example in air, actuation of parametric resonance
requires more energy than at low pressure. However, the
characteristics of dynamics will not change. Therefore, damping
has little effect on the sensitivity of parametric resonance based
mass Sensors.

EXPERIMENT

DEVICE FABRICATION

The micro-oscillators are fabricated from SOI wafer with
highly doped device layer. After patterning, a deep silicon etch
process, BOSCH, is performed to form the micro structure,
following by removal of photo resist left and wet chemical release
of the buried silicon oxide layer to form the suspended MEMS
structure. The thickness of the device is about 18 wm, which is
defined by the thickness of the top device layer. The fabricated
oscillator is a single crystal silicon device and electrically
conductive.

Eight devices with different dimensions and configurations
have been made. Two of them are tested here, named as device#3
and device #4. The two devices have the same dimensions, except
that the springs of device#3 are of 1.5 ym wide and that of device
#4 are of 2.0 ym wide. The backbone mass of the two devices is
about 30 ng and the natural frequencies are about 49 kHz and 83
kHz.

MASS SENSING WITH Pt DEPOSITION

As s proof of concept, we change the mass of the oscillator
by attaching a set volume of Platinum (Pt) on device#3 using a FIB
(Focused Ion Beam), as shown in Fig.1. Three such mass changes,
about 1, 4 and 0.4 um’ Pt deposition (corresponding to about 20,
80 and 8 pg), have been made. We record the frequency change at
the right boundary of the first order parametric resonance area as
discussed earlier before and after the deposition in air using laser
vibrometry [8]. Meanwhile, device#4 works as a reference sensor
and the frequency information is also recorded as a reference to
environmental fluctuation, such as humidity and temperature.
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Figure 5. Gas handling setup

MASS SENSING WITH WATER VAPOR

To perform a more sensitive test, the mass sensor was also
tested using adsorption of water vapor. A gas handling setup is
built to control the water vapor content in testing chamber, as
shown in Fig.5. A dry nitrogen gas flows through mass flow
controller #1 directly to the testing chamber and another dry N,
through mass flow controller #2 with water vapor from the water
bubbler. By setting the flow rates of the two mass flow controllers,
relative water content can be adjusted. The frequency information
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of device #4 at the right boundary of the first order parametric
resonance area is recorded, as water content in the testing chamber
is adjusted. Because of the native silicon oxide on the surface of
the oscillator [9], water molecules are absorbed on the surface and
the mass of the oscillator is changed. By measuring this frequency
shift, mass change can be determined.

RESULTS AND DISCUSSION

The results of frequency shift in Pt deposition test are shown
in Fig.6. After each mass change, the “jump” frequency is
recorded many times in a few days. The results are rectified
according to frequency change in reference oscillator. As shown in
Fig.6, the average frequency shift is about 36, 151 and 17 Hz,
corresponding to 1, 4 and 0.4 ym Pt deposition. Good correlation is
shown in these tests between the volume of Pt and “jump”
frequency shift, as we discussed earlier, mass change is linearly

dependent on frequency shift, | Am|_2m|AJ% , when mass
0

change in the oscillator is small. The minimum mass change here
is about 8 pg.
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Figure 6. Frequency shift in Pt deposition tests. Three mass
changes have been made, 1, 4 and 0.4 ,um3 corresponding to
about 20, 80 and 8 pg respectively.

As with most micro-sensors [10-12], noise is an important
issue in mass sensing using parametric resonance technology. The
ability to detect ultra-fine frequency shift because of the nature of
parametric resonance is compromised by noise problems in the
oscillator. As we mentioned earlier, a 0.001 Hz or even smaller
frequency shift has been observed [6]. However, in our current
experiment, the frequency fluctuation is much larger than this
value and the standard deviation of this frequency fluctuation we
measured in these two oscillators is about 0.8 Hz at room
temperature. To analyze noise problems in mass sensing, we
consider thermal noise, Brownian motion and Driving voltage
fluctuation. Because of the complexity of parametric resonance,
numerical simulation method is used to calculate the effects of
these noise sources. Brownian motion of oscillators is attribute to
be the main noise source in parametric resonance mass sensing. In
room temperature, the standard deviation of Brownian motion is
estimated about 0.5 A, which brings about 0.7 Hz of frequency
fluctuation. The result agrees well with measured result.

Certainly, there are other issues, which can be considered
noise effects in mass sensing, such as frequency drift caused by
humidity fluctuation and temperature fluctuation in the



environment. We notice that noise caused by this frequency drift
can be larger than that caused by Brownian motion even with
reference sensor when the test lasts days. These issues are
currently being addressed.

To find the ultimate sensitivity of this mass sensor based on
parametric resonance, we use the micro-oscillator to detect water
content change in the testing chamber. By adjusting the water
content, we observe the frequency shift simultaneously. Figure 7
shows the results of frequency shift of Device#4 as the relative
water content is changed in air. When water content is switched
between 5% and 10% as shown in Fig.7 from A-B, the rate of
frequency shift changes. As water vapor is turn on and off from B-
C, the results shows good consistency between frequency shift and
water vapor content. The smallest controllable frequency shift as
shown in Fig.7 is about 2 Hz, which is equivalent to mass change
of 0.7 pg.
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Figure 7. Frequency shifts at the right side of the first
parametric resonance area as adjusting water content.

Because of damping effect, the sensitivity of simple
harmonic resonance (SHR) based mass sensor decrease
dramatically in air. It is difficult for the devices we tested here to
resolve 100 Hz shift in SHR mode with Q about 50. Using
parametric resonance, the sensitivity can improve more than 1
order of magnitude. Damping has little effect on the sensing ability
when operated in a parametric resonance mode.

The devices are just prototype mass sensors to test the
concept of parametric resonance mass sensing. By tailoring the
oscillator dimensions (for example, the cantilever geometry),
increasing resonance frequency, or designing oscillator arrays, the
sensitivity can be further improved, thus extending their
application to DNA, virus and other analytes with mass in the
order of attograms. We calculated the noise level of device#3 with
dimensions reduced by a factor of 5. The equivalent mass
resolution will be at femto-gram level in air pressure. Now, many
smaller micro/nano oscillators have been made with higher
frequency, such as micro-cantilever and nanowire [13, 14], and
parametric resonance has been realized in these devices. Thus, the
possibility of significant improvements in cantilever based sensors
is achievable, and currently underway.

CONCLUSIONS

Parametric resonance based mass sensor has been developed
in this work. The measurement, taken in air, demonstrates that
parametric resonance-based mass sensors can improve sensitivity
1-2 orders compared to the same sensor working in harmonic
mode. The prototype mass sensors can detect mass changes at pico
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gram level when operating in parametric resonance mode. By
decreasing the mass of oscillator and increasing resonance
frequency, the sensitivity can be further improved.
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