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ABSTRACT 

Active frequency tuning for comb-shape micro resonators has 
been successfully demonstrated by means of localized stressing 
effects. A mechanical beam structure that can be resistively heated 
to generate thermal stress is integrated as part of the micro resonator 
for frequency tuning. Experimentally, frequency change up to 6.5% 
is measured for resonators with central frequency around 31kHz. 
The required tuning power is 25mW in the form of localized joule 
heating. Analytically, both a one-dimensional electrothermal model 
and a dynamic model are established to characterize electrical, 
thermal and frequency responses of active frequency tuning. The 
simulation results of frequency spectrum are consistent with 
experimental measurements. A reliability test has been conducted 
for more than 300 million cycles under 6.5% of frequency tuning 
range and reveals no material damages on the micro resonator. This 
scheme enables active frequency tuning under low power 
consumption, independent of the input/output function of a micro 
resonator. As such, it has potential applications to resonator based 
MEMS devices, such as rate gyroscopes and microelectromechanical 
filters. 

INTRODUCTION 

Micro resonators have been used in various resonator-based 
microsystems, such as resonant accelerometers [ 1,2], 
microelectromechanical filters [3-51, and gyroscopes [6]. One 
common roadblock in the manufacturing process comes from local 
process variations. As a result, even though the micro fabrication 
process is well-controlled, structural deviations exist between 
designed and fabricated devices and between same devices adjacent 
to each other on the same wafer. Therefore, it is common that the 
frequency responses of micro resonators may be off from the desired 
design value and should be eradicated by post-tuning processes. For 
example, up to several percentage variations of resonant frequency 
can be found in the widely used comb-shape micro resonators on the 
same chip [7]. 

Frequency tuning methods can be split into two major 
categories, those that make one time permanent changes and those 
that make active adjustments without permanent damages to 
microstructures. The permanent changes can be accomplished by 
annealing the folded springs of a comb structure using voltage pulses 
to change the stiffness and quality factor [S] or by a post-deposition 
process [9]. On the active frequency tuning side, three basic 
methods have been investigated. The first of these is tuning via an 
“electrostatic stiffness” change, where the stiffness can be adjusted 
electrostatically with capacitive structures [6, lo- 131. The second 
method tunes by making changes in the internal stresses of the 
structure to induce changes in resonance [14,15]. The third method 
takes advantage of the inherent temperature dependence of Young’s 
modulus [16]. The method presented in this work takes advantage of 

the temperature dependence of Young’s modulus exhibited by most 
materials as well as the thermally induced internal stress effects. 
That is, as the temperature of polysilicon goes up its Young’s 
modulus drops and this will cause a minor reduction in the resonant 
frequency. The localized thermal stress generated by joule heating 
plays a major role in the proposed frequency tuning scheme. If a 
compressive stress is generated, the structure becomes more 
compliant resulting in a lower resonant frequency. If a tensile stress 
is generated, the structure becomes stiffer resulting in a higher 
resonant frequency. Through the use of filament like heating as 
implemented in this work, the device heats up resulting in a decrease 
in Young’s modulus and an increase in compressive stresses. Both 
effects help to actively lower the resonant frequency. 

A TUNABLE MICRO RESONATOR 

A tunable micro resonator by means of localized thermal 
stressing effects has been designed as illustrated in Fig. 1. The comb 
drive structure is modified by replacing one folded-beam suspension 
with a straight suspension as the tuning beam. The folded beam 
suspension helps minimizing the non-linear effect that may arise 
from the straight-beam structure design [ 17,181. One drawback of 
this folded-beam/straight-beam design as opposed to a straight- 
beam/straight-beam design is that the tuning range of the device is 
reduced. However, most non-linear effects are avoided. The 
straight-beam suspension is 4pm wide and 165pm long. On the 
folded-beam suspension, the four beams are 2ym wide and 15Opm 
long and the truss is 5brn wide and 36pm long. The anchors on the 
two sides of the suspension system are electrically isolated such that 
a voltage can be applied across the structure. This voltage heats the 
structure through filament like heating that causes the structure itself 
to heat up and to expand. During the heating process the substrate 
stays relatively cool due to the rapid heat transfer capabilities of 
silicon. 

wL-, 
Fig. 1, Schematic diagram of a comb-shape micro resonator with 
a straight-beam for active frequency tuning via localized 
stressing effects. 
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A standard surface-micromachining process provided by 
MCNC [19] is used to fabricate these tunable micro resonators and 
all the simulation and experimental measurements presented here are 
based on the MUMPS-22 run. A sheet resistance of 6.4 Q/square 
and a thermal coefficient of resistivity of 1.7 x lO”ohm/“K are 
measured for the structural polysilicon layer. Young’s modulus and 
density of the polysilicon layer used in this work are 160 GPa and 
2300 kg/m3. The thermal coefficient of expansion and specific heat 
of polysilicon are adopted from silicon as 2.6 x 10M6/“K and 712 
J/(kg’K), respectively. The values of thermal conductivity of the 
silicon, polysilicon, and nitride layers used in this paper are 148, 34, 
and 1.6 W/(m’K). 

The frequency responses of the device are measured using a 
CCD camera built into a probe station. Pictures are first taken and 
then opened in CanvasTM [20] and the amplitudes of vibration for 
every 100 Hz of driving frequency are measured and recorded. 
Measurements of resonance are obtained by adjusting the driving 
frequency until the peak driving amplitude of the device could be 
observed. This method could locate the resonant frequency within 
100 Hz when the resonant frequency is typically around 30 kHz. 
This gives an accuracy of roughly 0.33%. 

EXPERIMENTAL RESULTS AND 
DISCUSIONS 

A dynamic model and a one-dimensional electro-thermal 
model have been established [21]. With this model, the transient 
responses of the temperature versus time can be graphed as seen in 
Fig. 2. The rising and falling times for the system to reach steady 
state under heating and cooling are found to be around 140usec. 
Using the model developed above, a temperature profile of the 
system at a time significantly larger than the rise time can be attained 
as shown in Fig. 3. Nodes 1 to 25 are the inner portion of the folded- 
beam suspension, nodes 26 to 32 are the truss portion of the folded- 
beam suspension, nodes 33 to 58 are the outer portion of the folded- 
beam suspension, node 59 is the rigid central mass, and nodes 60 to 
100 are the straight-beam suspension. 
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Fig. 2, Transient temperature simulation. 
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Fig. 3, Temperature profile simulated by the electro-thermal model. 

Figure 4 is an optical photo showing the tunable micro resonator 
under a microscope. When a high tuning power is supplied for 
resistive heating of the system and the background light is turned off, 
Fig. 5 shows the hot spots. When Fig. 5 is compared with Fig. 3, the 
highest temperature region agrees well with what is seen 
experimentally. The temperature simulations under various input 
power are used to predict the thermal expansion of comb-drive to 
derive the tuning force P and frequency changes. 

Fig. 4, A tunable resonator under an optical microscope. 

Fig. 5, Hot spot is shown under the joule heating effect when the 
illumination of the optical microscope is turned off. 

Using the experimental setup described earlier, four basic tests 
have been conducted on the tunable resonator. The first test is a 
comparative test where the resonator is heated by external means and 
by localized joule heating, respectively. The external heating is 
accomplished by placing the device on a hot plate. In both tests, the 
resistance of the suspended beams is measured at various 
temperatures when resonant frequency change is measured. The 
resistance is used as the guidance to estimate the temperature of the 
device. Figure 6 shows the resonant frequency changes with respect 
to the resistance changes (temperature changes). It is found that 
when the resistance is at 940 ohm it corresponds to an average 
temperature of 15O’C. At this temperature, the external heating 
causes a frequency change of about 1% and the internal joule heating 
makes the frequency change of 6.5%. Under this joule heating 
condition, the maximum temperature at the tuning beam is 255°C 
and the average temperature of the resonator is 150°C. 
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Fig. 6, Frequency changes by means of external (global) heating and 
joule (localized) heating. 

It is concluded that under the same average temperature, the joule 
heating causes the resonance to change much more than the external 
heating. The external heating makes both the substrate and the 
device to expand such that this keeps the thermal stressing effects to 
a minimum. The change in resonance by external heating can be 
attributed mainly to the change in Young’s modulus and partially to 
the change in density and thermal mismatch. The temperature 
coefficient of Young’s modulus can be found using the following 
equation [3]: 

TCf = ;(TCn - TC,) 

Where TCf is the temperature coefficient of the resonant frequency, 
TCe is the temperature coefficient of Young’s modulus and TCi, is 
the temperature coefficient of thermal expansion. In this work, TCa 
is found to be -4OppnPC by the external heating experiments, 
which is close to previously reported values [3-51. In the joule 
heating case the device itself heats up where as the substrate stays 
relatively cool. This creates a large internal stressing effect as well 
as a change in Young’s modulus. 

The second experiment is to check for repeatability and 
compliance of the dynamic and electrothermal models. In this test, 
five different structures from four different dice are tested over a 
range of tuning powers. The change in resonance versus the applied 
tuning power is plotted for 5 different devices along with the 
predicted theoretical response as shown in Fig. 7. As seen in the 
plot, the theory predicts a quasi-linear change in resonance versus 
input power. The experimental data points are close to the 
theoretical prediction when the input power is lower than 30mW. 
However, the model is only valid for a first-order approximation 
because it does not take into account several secondary effects, 
including non-linearity due to the softening of the spring as the 
structure deflects, the change in specific heat, thermal conductivity, 
and the thermal coefficient of expansion as the temperature 
increases. 
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Fig. 7, Measured frequency changes vs. tuning power for 5 different 
devices compared to the theoretical model. 

The third test is to measure the spectrum response of the 
resonator. One device is tested in this manner. The driving 
frequency is changed every 100 Hz and the amplitude is recorded. 
This is done by scanning both into the higher frequencies and into 
the lower frequencies until the amplitude is relatively low. Several 
tuning currents are conducted and recorded as shown in Fig. 8 from 
0 to 5mA. As seen in the plot, the system starts out with a fairly 
linear response. As the tuning current is increased the response 
begins to go more and more non-linear. This effect is to be 
expected. Non-linearity arises from the stiffening of the straight- 
beam suspension as the device deflects. The stiffening comes from 
the stretching of the beam as it deflects. This stretching increases the 
restoring force of the spring. It is well documented that as the 
magnitude of the intrinsic stress goes up the non-linearity also goes 
up [12]. Also seen in the plot is that the quality factor of the system 
stays nearly the same at about 50. This is because most of the 
dampening comes from the friction with the air that remains 
relatively unchanged during the frequency tuning process. 
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Fig. 8, Frequency spectrum of one device at 5 different tuning 
amperages from 0 to 5 mA. 

The final test is the reliability experiment for the tuning method. 
A resonator is tuned to 1% and again to 6.5% for approximate 300 
million cycles, respectively. At the end of these tests, no visual 
damages can be found on the device. Most importantly, it returns 
completely to its original natural frequency and the measured 
resistance does not change before and after the tests. This indicates 
that there is no structural degradation and the active tuning method 
via thermal stressing effects as presented is feasible for repeated, 
long-term applications. Although structural damage is not expected 
at the tuning power of 6.5% with a highest temperature at 255°C 
further investigations should be conducted for the fatigue and creep 
[22] phenomena under high temperature and high stress operations, 

CONCLUSION 

An active frequency tuning mechanism has been proposed and 
has been proven to adjust the natural frequency of comb-shape micro 
resonators up to 6.5% with minimal power requirements at 25mW. 
This method can be applied at the component level after the 
completion of the packaging process and it can actively tune the 
frequency of micro resonators with a response time of 140usec. It is 
important for microstructures to have frequency tuning capabilities 
in order to adjust for manufacturing variations in microsystems. 
Both dynamic and electrothermal models are established in this work 
to provide the design guidelines for active frequency tuning. Four 
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different kinds of experiments have been conducted. The 
experiment of external versus joule heating demonstrates that the 
thermal stressing effect is the dominant factor in the proposed tuning 
mechanism. The second experiment measured 5 different devices 
for frequency changes at various tuning powers. It is concluded that 
the analytical model is consistent with the experimental results. The 
third experiment measured the spectrum of comb-resonator at 
various tuning power. It is found that nonlinear effects begin at high 
tuning power probably due to the spring stiffening effect. Finally, 
long-term tests for 300 million cycles demonstrate the good 
reliability of the proposed tuning mechanism. 
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