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TEMPERATURE MEASUREMENT SYSTEM 
COMPRISINGA RESONANT MEMS DEVICE 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority under 35 U.S.C. 
§119(e) to US. provisional patent application 61/308,836 
?led on Feb. 26, 2010, which application is hereby incorpo 
rated by reference in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The disclosed technology relates to a device and a 
method for measurement of temperature using a MEMS reso 
nator and, more particularly, to a device and method for 
measurement of temperature using a frequency difference or 
frequency ratio of two frequencies. The frequencies are gen 
erated by an excitation element that excites the resonator 
body into separate ?rst and second resonance states. 

[0004] The technology also relates to a micromechanical 
resonator device having a passive temperature compensated 
resonance frequency. 

[0005] 2. Description of the Related Technology 
[0006] MEMS-based thermometer implementations can be 
found in the prior art. A dual-mode resonator is for example 
presented in “Temperature measurement and compensation 
based on two vibration modes of a bulk acoustic mode 

microresonator”, M. Koskenvuori et al., IEEE International 
Conference on Micro Electro Mechanical SystemsiMEMS 
’08, p. 78-81, Tucson AriZ., USA, 2007. Different vibration 
modes of a ?xed resonator can depict different temperature 
dependencies of their resonance frequencies. Using these 
characteristics, one can assess the temperature of the resona 
tor by building oscillators using two vibration modes and 
comparing their oscillation frequencies. The main drawbacks 
of this approach are: a) either the oscillator circuits have to be 
?tted with complex ?lters and/ or diplexers to separate the two 
frequencies and generate the oscillations, and/or b) the reso 
nator has to be excited with two different sets of electrodes 
addressing each of the two modes of interest, and c) two 
oscillator circuits are required. 

[0007] Another drawback is mentioned in the paper: the 
difference in frequency changes of the two modes is rather 
small and the resonant frequencies are close to each other. 
Therefore: a) a very accurate frequency measurement is 
needed to accurately deduce the small relative changes in 
frequency, b) the beat frequency of the two modes is fairly 
high reducing the sensitivity when using the beat frequency to 
measure the temperature and c) any mixing products of the 
two excited modes will degenerate the reference oscillator 
noise performance. 
[0008] A dual resonator as in US. Pat. No. 7,369,004 com 
prises two separate resonators. These two resonators need to 
have a different temperature dependency for the same reso 
nance mode. These resonators with slightly different dimen 
sions can be excited with equivalent sets of electrodes. The 
main drawbacks from this approach are: a) the two resonators 
have to be thermally strongly coupled for their temperature to 
be equal, while mechanically weakly coupled for their reso 
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nances not to interfere and b) this approach requires roughly 
double the MEMS area and also requires two oscillator cir 
cuits. 

SUMMARY OF CERTAIN INVENTIVE ASPECTS 

[0009] Certain inventive aspects relate to a micromechani 
cal resonator device for more accurately measuring a tem 
perature. 
[0010] Thereto the micromechanical resonator according 
to one inventive aspect comprises: a resonator body; an exci 
tation element associated with the resonator body and 
adapted for exciting the resonator body; a control element 
connected to the excitation element and adapted for control 
ling the excitation element to excite the resonator body; 
wherein the resonator body is adapted to resonate in a ?rst and 
a second predetermined resonance state, the ?rst and second 
resonance states being of the same eigenmode but having 
different resonance frequencies, the resonance frequencies 
having a different temperature dependency; the control ele 
ment is adapted to supply to the excitation element separately 
a ?rst bias to excite the resonator body into the ?rst resonance 
state, and a second bias to excite the resonator body into the 
second resonance state; whereby the micromechanical device 
further comprises: a frequency detection element associated 
with the resonator body, adapted for detecting a frequency at 
which the resonator body resonates; a temperature determi 
nation element connected to the frequency detection element 
and adapted for determining a temperature of the microme 
chanical resonator device from a ?rst frequency, detected 
while the resonator body is in the ?rst resonance state, and a 
second frequency, detected while the resonator body is in the 
second resonance state. 

[0011] By applying two different biases to the excitation 
element, the resonator body can be brought in a ?rst or a 
second resonance state. The inventor has found that reso 
nance states of the same eigenmode but corresponding to 
different biases show a different temperature behavior. This is 
different from what was already known in the art, namely that 
resonance frequencies of different eigenmodes of a resonator 
show different temperature behavior. As the resonance states 
feature different temperature coef?cients of the frequency, 
the temperature information can be deduced by measuring the 
frequency change of both states. Only one resonator and a 
single excitation element are required. This reduces the chip 
area but also guarantees that the actual resonator temperature 
is measured. 
[0012] By using a single resonator structure to measure 
both frequencies instead of using two resonator structures, a 
higher temperature measurement accuracy can be achieved 
because any temperature difference between the two struc 
tures is eliminated. 
[0013] By measuring two frequencies instead of only one, 
the absolute frequency values are not required, only the rela 
tive frequency values, so that an absolute time-base can be 
omitted. 
[0014] Preferably the temperature determination element 
comprises circuitry for determining a frequency difference 
and/or a frequency ratio using a look-up table and/ or a math 
ematical relationship for determining the operation tempera 
ture. By using subtraction and/or division circuitry, the rela 
tive deviations of the ?rst and second frequencies can be 
determined, from which deviations the temperature can be 
derived using a look-up table and/ or a mathematical relation 
ship representative of the temperature dependencies. 
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[0015] In an embodiment the control element is adapted for 
exciting the resonator body in the ?rst resonance state and the 
second resonance state alternately. By alternately measuring 
the ?rst and second resonance frequencies, the temperature 
can be constantly updated using the tWo most recent values. 

[0016] Preferably the temperature dependency of the reso 
nance frequency of the ?rst resonance state is inverse to the 
temperature dependence of the resonance frequency of the 
second resonance state, meaning that one resonance fre 
quency increases With temperature While the other decreases. 
In this Way the average frequency of the resonator stays more 
stable With temperature as compared to the case Where tWo 
frequencies Would be used having a temperature dependency 
of the same sign. Alternatively the temperature dependencies 
can have the same sign but have a measurable different slope. 

[0017] Preferably the resonator body comprises a material 
selected from the group of (poly)silicon, diamond, ruby, sap 
phire, quartZ, alumina, nickel and SiGe, as these materials 
alloW fairly standard manufacturing techniques. 
[0018] Preferably the resonator body comprises a bar reso 
nator suspended above a substrate. A bar resonator has the 
advantage over a plate resonator that it occupies less space, 
Which is more economical. 

[0019] Preferably the substrate comprises a material 
selected from the group consisting of silicon, diamond, ruby, 
sapphire, glass, quartz, alumina and LCP, as these materials 
are commonly used substrate materials. 

[0020] Certain inventive aspects relate to a method for mea 
suring a temperature of such a micromechanical resonator 
device, and to a micromechanical resonator device having a 
passive temperature compensated resonance frequency. 
[0021] Thereto the micromechanical resonator device com 
prises: a resonator body suspended above and anchored to a 
substrate and adapted to resonate in a predetermined reso 
nance state at the predetermined resonance frequency; an 
excitation element adapted for exciting the resonator body, 
the excitation element and the resonator body being separated 
from each other and together forming a transconductive struc 
ture; a control element connected to the excitation element 
adapted for applying a predetermined bias to the excitation 
element to excite the resonator body into the predetermined 
resonance state; Wherein the resonance state is a mechanical 
vibration mode parallel to the plane of the substrate; the 
material of the resonator body and the material of the sub 
strate are selected such that the ratio of the coe?icient of 
thermal expansion of the substrate material and the coef? 
cient of thermal expansion of the resonator body material is 
larger than 1.0; the transconductive structure has a transcon 
ductance With a predetermined temperature dependency 
Which is de?ned by a set of parameters, the set of parameters 
comprising the material of the resonator body, the material of 
the substrate, the geometry of the resonator device and the 
predetermined bias and being selected such that at a prede 
termined temperature, the predetermined temperature depen 
dency of the transconductance compensates the intrinsic tem 
perature dependence of the resonance frequency. The 
inventor has found that a resonator having a vibration mode 
parallel to the plane of the substrate can also be used for 
passive temperature compensation, by using a structure and 
materials for the resonator body and the substrate satisfying 
certain conditions, as described in the claim. With transcon 
ductive structure is meant a structure betWeen the excitation 
element and the resonator body Where over the bias voltage is 
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applied, and by Which the resonance frequency can be tuned, 
such as a gap or an interdigitiZed structure. 

[0022] An advantage of this structure over the structure 
described by TucsonAriZ. is that the slope of the temperature 
dependency can be tuned or selected by choosing proper 
biases, alloWing to increase the accuracy of the measurement. 
[0023] In one embodiment the resonator body is a free 
standing bar resonator adapted to resonate in a longitudinal 
vibration mode above and parallel to the plane of the sub 
strate. As most resonators use a ?exural vibration mode, the 
inventor Was surprised to see that a longitudinal vibration 
mode, ie the expansion/compression of a bar resonator can 
be used to generate a stable resonator frequency. Advanta 
geously, a closed form formula can be calculated for this 
structure. 

[0024] In an alternative embodiment the micromechanical 
body is a free-standing bar resonator adapted to resonate in a 
?exural vibration mode above and parallel to the plane of the 
substrate. Most resonators, especially plate resonators using a 
?exural vibration mode, use a vibration mode substantially 
perpendicular to the substrate. Being able to use also other 
modes to achieve temperature stabiliZation alloWs many more 
structures to be used, offering more degrees of freedom and 
other trade-offs that can be made depending on the applica 
tion. 
[0025] In another embodiment the micromechanical reso 
nator device comprises an interdigitated structure With a ?rst 
set of ?ngers connected to the excitation element and a second 
set of ?ngers connected to the resonator body, Wherein the set 
of parameters further comprises an overlap betWeen the ?rst 
and second set of ?ngers. Whereas most micromechanical 
resonator structures use a gap having a stiffness that varies 
With the applied bias, the inventor found that another prin 
ciple can be used to obtain the same effect, namely by using 
an interdigitiZed structure betWeen the excitation element and 
the resonator body. A similar role that Was played by the gap, 
is noW played by the overlapping distance. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] Presently preferred embodiments are described 
beloW in conjunction With the appended draWing ?gures, 
Wherein like reference numerals refer to like elements in the 
various ?gures, and Wherein: 
[0027] FIGS. 1A-1F shoW a bar resonator provided for 
resonating in longitudinal mode. 
[0028] FIG. 1A shoWs a cross section of a bar resonator and 
a gap. 

[0029] FIG. 1B shoWs the bar resonator of FIG. 1A in a 
cross section perpendicular to the substrate. 
[0030] FIG. 1C shoWs an embodiment of the bar resonator 
of FIG. 1A. 
[0031] FIG. 1D shoWs a top vieW of the bar resonator of 
FIG. 1C. 
[0032] FIG. 1E shoWs another embodiment of the bar reso 
nator of FIG. 1A. 
[0033] FIG. 1F shoWs a top vieW of the bar resonator of 
FIG. 1E. 

[0034] FIG. 2 shoWs a plot of the resonance frequency as a 
function of the operating temperature, for a silicon bar reso 
nator on a silicon substrate, Whereby no bias voltage is 
applied. 
[0035] FIG. 3 shoWs a plot of the bias voltage dependency 
of the resonance frequency. 
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[0036] FIG. 4 shows a plot of the temperature dependency 
of the resonance frequency for different bias voltages. 
[0037] FIGS. 5A-5B illustrate the evolution of the trans 
duction gap for an increasing temperature. 
[0038] FIG. 5A shoWs the evolution of the transduction gap 
When the thermal expansion of the bar resonator is smaller 
than that of the substrate. 
[0039] FIG. 5B shoWs the evolution of the transduction gap 
When the thermal expansion of the bar resonator is larger than 
that of the substrate. 
[0040] FIG. 6 shoWs a plot of the passive temperature com 
pensation. 
[0041] FIG. 7 shoWs a plot of the temperature dependency 
of the frequency With temperature compensation. 
[0042] FIG. 8 shoWs another embodiment of a resonator 
With a gap according to one embodiment. 
[0043] FIGS. 9-12 shoW embodiments of a resonator struc 
ture With an interdigitated structure according to one embodi 
ment. 

[0044] FIG. 13 shoWs a block diagram of a resonator device 
according to one embodiment. 
[0045] FIG. 14 illustrates an alternating bias voltage over 
time. 
[0046] FIG. 15 illustrates a ?rst and a second resonating 
frequency over time at a constant temperature, corresponding 
to the alternating bias voltages of FIG. 11. 
[0047] FIG. 16 illustrates a ?rst and a second resonating 
frequency over time for a varying temperature, corresponding 
to the alternating bias voltages of FIG. 11. 
[0048] FIG. 17 illustrates build ups of different actuations 
mechanisms. 
[0049] FIG. 18 shoWs a resonator device according to an 
embodiment. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0050] The present disclosure Will be described With 
respect to particular embodiments and With reference to cer 
tain draWings but the present disclosure is not limited thereto. 
The draWings described are only schematic and are non 
limiting. In the draWings, the siZe of some of the elements 
may be exaggerated and not draWn on scale for illustrative 
purposes. 
[0051] Furthermore, the terms ?rst, second, third and the 
like in the description are used for distinguishing betWeen 
similar elements and not necessarily for describing a sequen 
tial or chronological order. The terms are interchangeable 
under appropriate circumstances and the embodiments of the 
present disclosure can operate in other sequences than 
described or illustrated herein. 

[0052] Moreover, the terms top, bottom, over, under and the 
like in the description are used for descriptive purposes and 
not necessarily for describing relative positions. The terms so 
used are interchangeable under appropriate circumstances 
and the embodiments of the present disclosure described 
herein can operate in other orientations than described or 
illustrated herein. 
[0053] The term “comprising” should not be interpreted as 
being restricted to the means listed thereafter; it does not 
exclude other elements or steps. It needs to be interpreted as 
specifying the presence of the stated features, integers, steps 
or components as referred to, but does not preclude the pres 
ence or addition of one or more other features, integers, steps 
or components, or groups thereof. Thus, the scope of the 

Sep. 1,2011 

expression “a device comprising means A and B” should not 
be limited to devices consisting of only components A and B. 
It means that With respect to the present description, the only 
relevant components of the device are A and B. 

[0054] Micro-electro-mechanical (MEM)-resonators are 
recogniZed key components for future sensing, Wireless and 
communications applications [1], [2]. Si-based resonators 
have gained special interest since they offer the perspective to 
replace bulky quartZ resonators on-chip, maintaining high 
Q-factor (such as about 1000 or more) and reaching high 
frequencies (such as about 100 MHZ or more). In various 
applications, e.g., time-reference, the temperature (T-) stabil 
ity is of paramount importance. ET, the T-coef?cient of 
Young’s modulus (E), typically dominates the intrinsic T-de 
pendence of the resonance frequency, fm. For Si-based MEM 
resonators this T-dependence is much larger than for quartZ 
crystal resonators, and too large to alloW the passive imple 
mentation of these resonators in Wide T-ranges such as about 
—400 C. to +85° C. To circumvent this problem, tWo main 
approaches have been proposed in literature: 1) Coating the 
resonator With negative ET materials, such as SiOx, loWers 
the effective ET, thus enhancing the T-stability [2]. This pas 
sive approach increases the processing complexity and cost, 
but is often not effective to fully compensate the T-drift and 
signi?cantly degrades other resonator characteristics, e. g., 
the quality factor (Q-factor). 2) Implementing an active con 
trol loop, e. g. composed of a thermometer and a heater around 
the resonator alloWs limiting its T-excursion, thus its T-drift, 
at the expense of increased design/process complexity and 
poWer consumption. 
[0055] Several solutions addressing the issue of tempera 
ture compensation are knoWn. US. Pat. No. 6,987,432, Which 
is incorporated herein by reference, discloses active and pas 
sive solutions. An active solution comprises determining the 
actual operating frequency for a beam resonator in relation to 
a desired resonance frequency, and thereafter applying a com 
pensating stiffness to the resonator to maintain the desired 
resonance frequency. Passive solutions for frequency stabili 
Zation With temperature of a MEMS resonator include for 
example a method of fabricating a micromechanical resona 
tor. US. Pat. No. 7,427,905, Which is incorporated herein by 
reference, discloses a temperature controlled MEMS resona 
tor and a method for controlling resonator frequency by pro 
viding an electrical current to the beam structure and thereby 
heating the beam structure. 
[0056] The majority of RF-MEMS devices rely on electro 
static actuation, therefore one embodiment Will be exempli 
?ed by such MEMS device but the present disclosure is not 
limited hereto. FIG. 1A-1F presents a MEM bar resonator, i.e. 
a free-standing parallelepipedic bar 2, typically made of sili 
con. The resonator is anchored to the substrate through tWo 
tethers (also called anchors) placed on opposite sides of the 
bar 2, and substantially in the middle thereof. Its tWo remain 
ing opposite sides are further neighbored by tWo ?xed elec 
trodes, namely an excitation electrode and a detection elec 
trode that respectively provide for electrostatic excitation and 
detection through tWo thin transconduction gaps, d. Accord 
ing to one embodiment, the bar is operated in a longitudinal 
mode of vibration, Which can be done by exciting it using 
proper frequencies by methods knoWn in the art. In this so 
called longitudinal extensional mode both transduction gaps 
(on either side of the bar) shrink/expand in phase. The fun 
damental resonant frequency (also called natural frequency) 
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