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ABSTRACT

We present models and measurements of lightly-doped
and heavily-doped dual ring/dual-bar and double-ended
tuning fork (DETF) resonators. Both models and
measurements indicate that the Q of these resonators is only
slightly impacted by the doping level, despite being
dominated by thermoelastic dissipation (TED), which has a
strong dependence on doping-dependent material properties.
We compare experimental measurements of Q over a range
of temperatures with models for TED, anchor damping and
squeeze film damping. We found that the Q of light and
heavily-doped resonators can be accounted for by a
combination of TED and anchor or squeeze film damping.
These results indicate that it is possible to fully account for
the damping mechanisms in MEMS resonators if
temperature-dependent measurements of Q are compared
with models of the important mechanisms including the
temperature-dependent materials properties.
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INTRODUCTION

Microelectromechanical (MEMS) resonators are key
components in timing and sensing applications ranging from
electronics to communication technologies. Currently,
MEMS resonators are highly reliable, with low-power
consumption and low manufacturing cost [1,2]. Resonator
properties are determined by geometry, materials, and
ambient conditions. It has been seen that heavily doped
silicon reduces frequency-temperature dependence [3,4,5].
Nevertheless, with the discovery of the impact of doping on
the temperature dependence of frequency in silicon MEMS
resonators [3,4,5], there is a corresponding need to study the
impact of doping on the quality factor (Q) of resonators.
We have heard concerns from some colleagues that heavily
doping might significantly degrade Q in silicon MEMS due
to the impact of the added free carriers on dissipation
mechanisms, such as thermoelastic dissipation (TED) or
ohmic loss mechanisms.

The dynamic response of a resonator may be
characterized by the resonant frequency (f) and Q, both of
which are dependent on the design of the resonator and on
the materials properties. When heavy doping is introduced
to provide temperature compensation, the properties of the
materials are impacted — including both the elastic constants
and other parameters such as heat capacity, thermal

conductivity, electrical conductivity [4,5]. Since, these
materials properties can be strongly affected by the addition
of doping, we naturally expect that f and Q will be changed
as well. Further, since the temperature dependence of f is
strongly impacted, it is natural to expect that the
temperature dependence of Q may also be strongly
impacted. In this paper, we present experimental
observations and models of the Q of the dual ring
extensional-mode resonators and double-ended tuning fork
resonators, and compare the temperature dependence of the
experimental results with our predictions to identify the
damping mechanisms present in devices at all doping levels.
By using complete numerical models for TED, and
comparing these results with the experimental
measurements, over a range of temperatures, it is possible to
identify the presence and strength of other dissipation
mechanisms, and to provide a complete model for all
dissipation mechanisms present in the resonator [6].

FABRICATION AND DEVICE DESIGN

To better understand how dopants affect the Q, our
group has designed two types of resonators, a
dual-ring/dual-bar and a double-ended tuning fork (DETF)
with four different doping levels. The schematic of a
dual-ring/dual-bar and the DETF can be seen in Fig. 1 and
Fig. 2, respectively. Both devices were built using the wafer
encapsulation process (epi-seal [7]), which was proposed by
researchers at the Robert Bosch Research and Technology
Center in Palo Alto and then demonstrated in a close
collaboration with Stanford University. The dual
breathe-mode ring resonator and the DETF were designed to
have an operating frequency around 19.7MHz and 1.3MHz
respectively. A silicon-on-insulator (SOI) with a (100)
40um device layer and a 2um thick buried oxide layer were
used. The doping levels of the device layer were Phosphorus
(NP) 1.78mQ-cm, Arsenic (NA) 3.1mQ-cm, Antimony
(NS) 17.1mQ-cm, and Boron (PB) 15.8mQ-cm [4].
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METHOD

For this study, frequency-sweep measurements on over
40 different resonators were performed. To operate these
devices, a 20V DC voltage was supplied to the resonant
structure for both the DETF and dual-ring resonator. The Q
was determined with an open-loop sweep using a Agilent
4395A network analyzer, with the resonators placed in a
temperature-controlled oven, and operated from -20 to
+80°C for dual-ring and from -40 to +80°C for DETF.
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Figure 3: Measured (markers) vs. simulated (lines) for
frequency-temperature curves for the dual-ring resonator.
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Figure 4: Measured (markers) vs. simulated (lines) for
frequency-temperature curves for the DETF.

In all cases, the resonators exhibit a temperature dependence
on the Q, and this temperature dependence is very helpful in
determining the damping mechanisms present in these
devices. We have complete quantitative models for the Q(T)
from TED, and we expect that anchor damping should be
independent of temperature and that squeeze film damping
should have a specific temperature dependence[S].
Equation (1) shows that the total Q of a resonator can be
represented as the reciprocal sum of independent energy

dissipation mechanisms.
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The modeling of TED in both designs is performed in
3D using COMSOL FEM software [8]. In order to properly
model the resonators, the model’s coordinate system was
aligned with the orientation of the resonators, and the
appropriate temperature-dependent elastic constants were
used [4]. The dimensions of the models for the dual-ring
were Rj: 118um, Ry, 140um, t: 40um, and for the
double-ended tuning fork 200 x 6 x 40um. We also included
the temperature dependence of other materials properties,
including the thermal conductivity [11], specific heat [9],
and thermal expansion coefficient [10]. All of these
parameters were incorporated from these references without
tuning or fitting, and the dissipation associated with TED
was extracted from simulations as a function of temperature
and compared with experimental measurements [6,12].

(1)

RESULTS AND DISCUSSION

Surprisingly, our experimental results indicate that the
dual ring and DETF resonators exhibit only a weak
relationship between the Q-values and the doping type and
concentration. Results for dual-ring resonators are shown in
Fig. 5 and for tuning forks in Fig. 7. Our results from both
measures and simulations show that the total variation of Q
as a function of temperatures in our devices is less than
10%, even as the doping density varies by more than 10x.

For a detailed analysis of the dual-ring resonator, the
measured values of Q displayed only a modest variation
with temperature, which would normally indicate that the
resonators are dominated by anchor damping, or the more
fundamental Akheizer effect. For these devices, the f*Q
products are too low for us to expect Akheizer damping [8].
If these devices are dominated by anchor damping, it would
also help explain the weak dependence of damping on the
doping, as anchor damping does not depend on thermal
conductivity, or heat capacity when temperature changes
[9,10,11].

To fully understand the dissipation for these dual-ring
resonators, we also designed computational models of the Q
expected from TED, using the complete anisotropic
representation of the silicon crystal mechanical properties
for the doping densities of these devices, as well as the
temperature dependence of these properties. TED can play
an important role in the overall energy dissipation in these
extensional-mode devices because significant strain
gradients can arise in the ring as a result of the crystal
anisotropy. In the case of the dual ring, surprisingly, the
TED predictions for these resonators are all within 10% -
20% of each other, even for very different doping densities,
as shown in Fig. 5.

We find that the measured Q of these dual-ring
resonators is roughly half of the Q predicted from TED



simulations, indicating that TED is important, but not
dominant in these devices, and therefore requires
participation of at least one other dissipation mechanism.

Given that the experimental observations of Q are
roughly temperature-independent, we need to consider an
additional dissipation mechanism that is independent of
temperature. Since we know that anchor damping should
be independent of temperature, we attempted to fit the
experiments with our TED simulations and an added
constant anchor damping term. Fig. 6 shows the initial
experimental measurements, as well as the TED simulation
and our estimation for the anchor damping contribution,
along with a total model for Q including TED and anchor
damping

x 10
8

T T
+ NP - Qmeasured
+ PB- Qmeasured
7L % NS- Qmeasured
NA - Qmeasured

,,,,,,,,,, NP - Qe simulated

PB- Qup smulated ||
,,,,,,,,,, NS - OTED simulated

NA - Qrep

simulated

Qmeasured and Qsimulated for the Dud-Ring
IS
L

=)

| | | | | | | | |
0 -10 0 10 20 30 40 50 60 70 80
Temperature [C]

Figure 5: Measurements(markers) and TED simulations (curves) of
the Quality Factor for light and heavily-doped dual-ring resonators
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Figure 6. Measured Q (markers) vs. modeled Q (curves), which are
a combination of TED and the pressure damping for the dual-ring
resonators.

As shown in this figure, this combination of TED and
anchor damping can completely account for the observed
magnitude and the temperature dependence of the Q for this
resonator. Based on these results, we have shown that the Q
of these dual ring resonators arises from a combination of
TED and anchor damping, and that the doping density has
only a modest effect on the overall behavior.

Looking into the details for the DETF devices, we again
see that the measurements of Q as a function of temperature
are only slightly different for different doping types and
levels. These data are shown in Figure 7. In the case of the
DETF, we see a much stronger temperature dependence of
the Q, so we expect that TED is a strong contribution to the
dissipation in these devices.

As was the case for the dual-ring devices, we carried
out complete simulations of the TED for these DETFs,
incorporating the anisotropic and temperature-dependent
materials properties into a 3D model in COMSOL. The
resulting estimations for Q from TED over-estimate the
experimentally-observed Q, and so we again seek to
estimate an additional contribution from an additional
damping mechanism.

The discrepancy between the TED model and
experiment also seems to have a temperature dependence,
and our attempts to model the total dissipation using a
constant additional dissipation term, such as would be
expected for anchor damping, were not successful. Another
possible dissipation mechanism that might be expected to be
more important for these lower-frequency resonators is
squeeze film damping arising from the residual gas trapped
in the encapsulation during the fabrication process. Because
the remaining gas is nearly pure Hj, an ideal gas model for
the pressure-temperature relationship with fixed number of
atoms is expected [12]. In this case, the expected Q
associated with squeeze film damping would have a
temperature dependence given by.

1
Qair = C F (2)

where C is a fixed constant parameter associated with the
pressure and the size of the gaps and other geometric
parameters that should be similar for all DETF devices in
this study. The C parameter is same across different
temperatures. And for doping NA, NS, and NP the C
parameter only varies 1% among those three doping,
however for the PB doping the C parameter varies 15% as
compared to the other three.

After selecting C values for each device, we were able
to construct Q models based on the combination of our TED
simulations and the added squeeze film damping
contribution  that are  excellent fits to  the
experimentally-observed Q as a function of temperature.

For both the dual-ring devices and the DETFs, we were
able to construct models based on a numerical estimation of
TED based entirely on known materials properties and
geometries, with only a single added dissipation mechanism
in each case: anchor damping for the dual-ring devices and
pressure-damping for the DETFs.
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Figure 7: Measured Q (markers) vs. Simulated Qrgp (lines) for the
double-ended tuning fork (DETF).
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Figure 8: Measured Q (markers) vs. modeled Q (curves), which are
a combination of TED and the pressure damping for DETF.
CONCLUSIONS

Our results show that the total Q of dual ring-bar
resonators and double-ended tuning fork resonators is only
very weakly impacted by the use of heavy doping to levels
needed for temperature compensation of frequency. For the
dual-ring resonators, the experimentally-observed Q(T) can
be fully accounted for with a combination of TED and
anchor damping. For the DETF resonators, the
experimentally-observed Q(T) can be fully accounted for
with a combination of TED and squeeze film damping. In
all cases, the entire temperature dependence is fitted by
models with only a single adjustable parameter — the amount
of the anchor or squeeze film damping.

ACKNOWLEDGEMENTS

This work was supported by the Defense Advanced
Research Projects Agency (DARPA) Precision Navigation
and Timing program (PNT) managed by Dr. Andrei Shkel
and Dr. Robert Lutwak under contract # N66001-12-1-4260.
The fabrication work was performed at the Stanford
Nanofabrication Facility (SNF) which was supported by

National Science Foundation through the NNIN under Grant
ECS- 9731293. The work of J. Rodriguez was supported by
the Ford Foundation Fellowship.

REFERENCES

[1] C. Nguyen, IEEE Trans. Ultrasonics, Ferroelectrics and
Frequency Control, vol. 54, no. 2, pp. 251- 270, Feb.
2007.

[2] J.T.M van Beek, et al, J. Micromech. Microeng, vol.22,
no.1, 013001.

[3] A. K. Samarao and F. Ayazi, IEEE Transactions on
Electron Devices, vol. 59, pp. 87-93, Jan 2012.

[4] Eldwin J. Ng, Vu A. Hong, Yushi Yang, Chae Hyuck
Ahn, Camille L. M. Everhart, and Thomas W. Kenny,
Journal of Microelectromechanical Systems, Aug 2014.

[5] Antti Jaakkola, Mika Prunnila, Tuomas Pensala, James
Dekker, Panu Pekko, “Determination of Doping and
Temperature  Dependent Elastic  Constants  of
Degenerately Doped Silicon from MEMS Resonators”,
Journal of IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control Vol. 61, No. 7,
pp 1063-1074, July 2014

[6] Shirin Ghaffari, Eldwin Jiagiang Ng, Chae Hyuck Ahn,
Yushi Yang, Shasha Wang, Vu A. Hong, and Thomas
W. Kenny, "Accurate Modeling of Quality Factor
Behavior of Complex Silicon MEMS Resonators,"
Journal of Microelectromechanical Systems, pp.
276-288, 2014.

[7] R. N. Candler, Woo-Tae Park, Huimou Li, G. Yama, A.
Partridge, M. Lutz, and T. W. Kenny, “Single wafer
encapsulation of mems devices,” IEEE Trans. Adv.
Packag., vol. 26, no. 3, pp. 227-232, Aug. 2003

[8] COMSOL Multiphysics 4.4b.

[9] P. Flubacher, A. J. Leadbetter, and J. A. Morrison “The
heat capacity of pure silicon and germanium and
properties of their vibrational frequency spectra,”
Philosoph. Mag., vol. 4, no. 39, pp. 273-294, 1959.

[10]Y. Okada and Y. Tokumaru, “Precise determination of
lattice parameter and thermal expansion coefficient of
silicon between 300 and 1500 K,” J. Appl. Phys., vol.
56, no. 2, pp. 314-320, Jul. 1984.

[117W. Liu, K. Etessam-Yazdani, R. Hussin, and M.
Asheghi, “Modeling and data for thermal conductivity
of ultrathin single-crystal SOI layers at high
temperature,” IEEE Trans. Electron Devices, vol. 53,
no. &, pp. 1868-1876, Aug. 2006.

[12]Bongsang Kim, Matthew A. Hopcroft, Rob N. Candler,
Chandra Mohan Jha, Manu Agarwal, Renata Melamud,
Saurabh A. Chandorkar, Gary Yama, and Thomas W.
Kenny, "Temperature Dependence of Quality Factor in
MEMS Resonators," Journal of
Microelectromechanical Systems, Vol. 17, No. 3, pp.
755-766, Jun 2008.

CONTACT
*Janna Rodriguez, tel: +1-209-631-7734;
jannar@stanford.edu



