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Description

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application hereby claims priority to the following U.S. Patent Applications: Provisional Application No.
62/181,767, filed June 19, 2015 and Provisional Application No. 62/183,689, filed June 23, 2015.

TECHNICAL FIELD

[0002] The disclosure herein relates to the field of microelectromechanical systems (MEMS) and more particularly to
resonant MEMS structures.
To that end, US Patent Publication US 2010/0127596 relates to a mass-loaded silicon bulk acoustic resonator ("SiBAR")
attached to a surrounding substrate by a pair of narrow supports. After the resonator is packaged, a resonant frequency
of a resonating body is electrically trimmed using Joule (i.e., resistive) heating. Relatively high current densities resulting
from a relatively small cross-sectional area of the resonating body causes enough Joule heating to enable the out-
diffusion of metal (e.g., gold, aluminum) from metal islands into the bulk of the resonating body. This diffusion increases
the stiffness of the resonating body upon cooling, i.e., thereby providing for small temperature sensitivity (TCF) during
operation of the SIBAR.
[0003] US Patent Publication US 2005/0195050 relates to a MEMS device with an integrated heating element to
provide for constant temperature application over the length of a resonating beam, so as to provide for output frequency
stability notwithstanding variation in ambient temperature.
[0004] US Patent Publication US 2003/0184412 relates to a MEMS resonator that uses a PN junction to tune a resonant
frequency of the resonator. Current is applied to a specific pathway in a controlled amount to change the mass of the
resonator, i.e., by causing metal titanium to sublime when heated, to thereby increase the resonant frequency until a
desired frequency is reached.
[0005] International Patent Publication WO 2005/025057 relates to an electromechanical transducer having a tem-
perature sensor, a resonating element, and a circuit to heat the resonating element. The circuit is driven as a function
of an output of the temperature sensor so as to maintain the resonating element at a desired temperature, i.e., to thereby
mitigate for variation in ambient temperature.
[0006] The publication by Samarao et al. called "Temperature Compensation of Silicon Micromechanical Resonators
Via Degenerative Doping" relates to reduction of TCF in silicon resonators through the use of degenerative boron doping.
To perform degenerative doping, spin-on dopant source and an annealing process is used over a period of hours.

BRIEF DESCRIPTION OF THE DRAWING

[0007] The various embodiments disclosed herein are illustrated by way of example, and not by way of limitation, in
the figures of the accompanying drawings and in which:

Figures 1A- 1C illustrate various physical, electrical and TCP-engineering aspects of an exemplary piezoelectrically-
actuated MEMS resonator having at least two degenerately doped silicon layers;
Figure 2A illustrates examples of positive/negative first-order and second-order temperature coefficients of frequency
(TCFs), and also shows positive and negative 0th order TCFs (i.e., temperature-independent frequency offsets);
Figures 2B-2E illustrate examples of a resonant structure consisting of one or more materials that allow for control
of first- and higher-order resonator temperature coefficients of frequency;
Figure 2F illustrates an example of a resonator having a degenerately doped semiconductor layer in which dopant
concentration and/or type is non-uniform across the resonator body;
Figure 2G illustrates an example of a resonator having regions in or on the resonator of a locally deposited or
patterned material with desired properties;
Figure 2H illustrates examples of engineered TCFs within resonator examples of Figures 2B-2G and other examples
disclosed herein;
Figure 21 illustrates the resonator example of Figure 2E in which the conductive layer is made sufficiently thin to
render its contribution to the TCFs of the composite structure negligible;
Figure 2J illustrates an example of a MEMS resonator having degenerately doped single-crystal silicon layered with
aluminum nitride and with those two layers sandwiched between top and bottom electrodes;
Figure 3 illustrates an example of a MEMS system in which a resonator is co-fabricated on a single substrate with
a temperature sensitive element and a heater (the temperature sensitive element and/or the heater can be optionally
excluded in alternative embodiments);
Figures 4A-4I illustrate examples of MEMS systems in which a temperature-stable MEMS resonator is combined
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with additional active temperature compensation for improved frequency stability over temperature;
Figure 5A illustrates an example of a degenerately-doped-silicon MEMS resonator integrated with one or more
components of an active temperature compensation system;
Figure 5B illustrates an example of a temperature compensation operation within the DDS MEMS resonator of
Figure 5A;
Figure 6 illustrates various options for integrating a temperature-sensor within an oscillator system having a dual-
silicon resonator;
Figure 7 illustrates an exemplary process for fabricating a MEMS thermistor and dual-silicon MEMS resonator within
neighboring regions of the same SOI substrate;
Figure 8 illustrates an exemplary interconnect arrangement within a dual-silicon resonator having an additional
lightly-doped (or undoped) single-crystal silicon thermistor layer as part of the resonator structure;
Figure 9A illustrates an example of a degenerately-doped semiconductor (DDS) resonator having one or more
features described in connection with Figures 1A-5B;
Figure 9B illustrates an exemplary finite-element model of the DDS resonator of Figure 9A;
Figures 10A-10I illustrate non-exhaustive examples of dual-silicon resonator shapes and designs;
Figures 11A and 11B illustrate dual-silicon resonator examples having one or more metal layers or silicides to
improve electrode conductivity and/or serve as seed beds to improve material structuring of an internal piezoelectric
layer;
Figures 12A and 12B illustrate alternative material stacks having the three layers shown in Figure 1A together with
an additional metal layer;
Figures 13A and 13B illustrate examples of symmetric dual-silicon material stacks that avoid surface-tension im-
balance and resultant structural warping;
Figure 14 illustrates an exemplary micromachined member (or structure) within a microelectromechanical system
(MEMS) that may be heated or superheated using various techniques and circuit configurations disclosed herein;
Figure 15A illustrates a profile view of an exemplary MEMS device having a DDS resonator together with structural
interconnections that permit production time joule heating;
Figure 15B illustrates a post-encapsulation joule-heating MEMS embodiment in which electrically conductive vias
extend through a hermetically encapsulating lid arrangement to make electrical contact with electrically conductive
anchoring structures;
Figure 15C illustrates an alternative embodiment in which electrically conductive vias extend through the device
substrate (e.g., bulk semiconductor) to enable joule-heating current flow through the DDS resonator;
Figures 16A-16C illustrate examples of multi-functional tether structures, showing examples of a bulk tether, a
composite tether, and an extended-path tether, respectively;
Figure 16D illustrates an exemplary thermal profile achieved by conducting a DC or AC joule heating current through
a moveable micromachined member via anchors and folded tethers;
Figure 17 illustrates another joule-heating MEMS embodiment in which respective pairs of "flexible" tethers are
provided to conduct joule-heating current to the moveable micromachined member, with each such tether pair thus
forming a dedicated heating port;
Figures 18A and 18B illustrate exemplary capacitively-coupled heating arrangements in which electrodes that serve
as drive and/or sense electrodes double as radio-frequency (RF) energy inputs that drive AC joule-heating currents
within a moveable micromachined member;
Figure 19A illustrates a joule-heating embodiment in which energy is supplied conductively or capacitively to re-
spective layers of a multi-layer MEMS resonator;
Figure 19B illustrates an alternative heating arrangement in which joule-heating is sourced primarily within a patterned
electrode layer of the dual-silicon resonator;
Figure 20 illustrates another embodiment in which an RF energy source is coupled across the outer layers of the
moveable micromachined member shown in Figure 19A;
Figure 21 illustrates an encapsulated or chip-scale MEMS package having a MEMS die (e.g., with a moveable
micromachined member formed thereon) and a control die;
Figure 22 illustrates an embodiment of a programmable heating controller that may be used to implement the
programmable heating control circuitry of Figure 21;
Figure 23 illustrates an arrangement in which multiple heating-power drivers within an external heating controller
may be coupled to respective singulated or on-wafer MEMS devices;
Figure 24A illustrates an exemplary heating power profile that may be produced within the external or in-situ heating
controllers of Figures 22 and 23, or any other practicable heating source, together with exemplary temperatures
produced within a moveable micromachined member;
Figure 24B illustrates exemplary power-pulse wave-shaping that may be applied to achieve controlled MEMS struc-
ture cool down and/or heating;



EP 3 311 486 B1

4

5

10

15

20

25

30

35

40

45

50

55

Figure 25 illustrates an exemplary processing of packaged MEMS device in which an oven reflow operation is carried
out to merge two separate terminals that form a heating port into a single operational control terminal;
Figure 26 illustrates an exemplary heating port arrangement within a packaged MEMS device having two front-side
terminals and, to enable joule heating/superheating, one back-side terminal; and
Figures 27A and 27B illustrate exemplary circuit models corresponding to the packaged MEMS device of Figure 26
during heating/superheating and run-time operation, respectively.
Figures 28A and 28B illustrate exemplary electrical interconnections between encapsulation-level through-silicon
vias (TSVs) and piezo-actuated resonator electrodes that enable both package-level terminal interconnection (i.e.,
during subsequent packaging steps) and post-encapsulation joule-heating of the MEMS resonator;
Figures 29A and 29B illustrate an alternative terminal reduction approach in which three or more encapsulation-
level terminals are merged prior to enclosure within a package housing to expose only two electrically independent
package-level terminals;
Figure 30 illustrates heating of MEMS resonator via a laser beam that is preferentially absorbed by the DDS with
respect to the lid and substrate that are part of the hermetic encapsulation;
Figure 32A illustrates the variation in electrically active dopant concentration in a DDS as a function of temperature
during a heating cycle; and
Figure 31B illustrates the cooling rate dependence of electrically active dopant concentration;
Figure 32A illustrates the reduction in room temperature resonant frequency that accompanies an increase in the
electrically active dopant concentration; and
Figure 32B illustrates the dependence of room temperature resonant frequency of a DDS-containing MEMS resonator
on both the time and temperature of a heating cycle after which the resonator is rapidly cooled; and
Figure 33 illustrates a sequence of heating pulses applied to a MEMS resonator and the corresponding average
temperature of the MEMS structure during each cycle, and resulting resonant frequency of one of the MEMS resonator
eigenmodes at or near room temperature after each heating pulse;
Figure 34 describes an algorithm to trim the frequency of one or more resonant modes of a MEMS structure at one
or more temperatures in an automated, closed loop fashion;
Figure 35 illustrates an exemplary frequency trimming result in which the thermal power and/or time are increase
over a series of heating pulse iterations until the room temperature frequency is within an acceptable tolerance
about a target frequency;
Figure 36 illustrates an exemplary frequency trimming result in which the heating power is reduced after three
iterations to take advantage of the reversible nature of temperature-activated frequency tuning to increase the
resonant frequency after initially overshooting the frequency trim target;
Figure 37A illustrates a MEMS structure, a disk ring gyroscope in this particular example, with two vibrational modes
of interest, mode 1 and mode 2; and
Figure 37B illustrates an array of electrodes surrounding the MEMS structure of Figure 37A for utilization in capac-
itively coupled Joule heating in addition to potentially being used during normal device operation; and
Figure 37C illustrates a radio-frequency (RF) input applied to a subset of the electrodes such that the MEMS structure
is non-uniformly heated to preferentially tune the frequency of mode 1 of the MEMS structure of Figure 37A; and
Figure37D illustrates an RF input applied to a different subset of the electrodes to preferentially adjust the frequency
of mode 2 of the MEMS structure of Figure 37A to obtain a desirable frequency relationship between the two modes;
Figure 38 illustrates adjustment of the frequency relationship between two modes of a similar MEMS structure based
upon the activation of a subset of heating terminals, except that the Joule heating is accomplished through terminals
that are directly coupled to the structure, allowing the possibility of DC heating currents;

DETAILED DESCRIPTION

[0008] Temperature-stable, wear-resistant resonators formed by material stacks having one or more degenerately-
doped silicon layers and a piezoelectric material layer are disclosed in various examples herein. In a number of imple-
mentations, the piezoelectric material layer ("piezo layer") is sandwiched between a degenerately-doped single-crystal
silicon "core" layer and a degenerately-doped polycrystalline layer, with those outer silicon layers serving as electrodes
for conducting drive/sense signals to/from the piezo layer - obviating conventional metal electrode layers and their
undesired aging properties (e.g., wear-hardening over time). Further, as described in greater detail below, layer thickness
ratios, crystallographic orientation of the single-crystal layer (at least), mode shaping and/or degenerate dopant con-
centration/type may be engineered to substantially zero or null at least the first-order (linear) and second-order (parabolic)
temperature coefficients of frequency (TCFs) for the material stack as a whole, with the intrinsic parabolic TCF of the
piezo layer, for example, being substantially canceled by a reverse-polarity parabolic TCF engineered within the degen-
erately doped single-crystal silicon layer. Thus, in addition to the serving double duty as both a sense/drive electrode
and the resonator bulk layer, the degenerately doped single-crystal silicon layer provides engineering "knobs" for yielding



EP 3 311 486 B1

5

5

10

15

20

25

30

35

40

45

50

55

resonant MEMS structures having temperature-stable resonant frequencies (e.g., zero or near-zero combined TCF)
over a desired operating temperature range (e.g., -40°C to +85°C). Similarly, the degenerately doped polysilicon layer
serves as a wear-resistant electrode (and thus may be viewed, along with the piezo layer as part of the sense/drive
component) and may also enable multiple degrees of TCF engineering. In yet other implementations, one or more in
situ temperature-sense elements (e.g., implemented within the resonator package, encapsulation chamber or even
within the resonator structure itself), are provided to enable temperature-adjusted frequency-pull and/or post-resonator
output frequency adjustment to further flatten the net resonator TCF (i.e., sum of 1st-order, 2nd-order, ..., nth-order TCFs)
and/or compensate for aging affects or even permit run-time frequency adjustment (e.g., by enabling closed-loop heating
to a desired operating temperature that leverages a 0th-order TCF). These and other features and embodiments are
described in greater detail below.
[0009] Figures 1A-1C illustrate various physical, electrical and TCF-engineering aspects of an exemplary piezoelec-
trically-actuated MEMS resonator 100 having at least two degenerately-doped silicon layers, referred to herein as a
"dual-silicon" resonator. Referring first to Figure 1A, the physical stack of materials shown in cross-section A-A ’includes
a degenerately-doped (DD) single-crystal silicon (SC Si) core, a piezoelectric layer (a dielectric), and a degenerately-
doped polycrystalline silicon (DD poly) layer. Dopant concentrations within the outer silicon layers is sufficiently high
(e.g., greater than 1E18 atoms/cm3, 1E19 atoms/cm3, 1E20 atoms/cm3, 2E20 atoms/cm3 or possibly higher) to effect
low-loss electrical conductivity and thus enable the silicon layers to serve as electrodes for establishing a time-varying
piezoelectric actuation voltage across the piezoelectric layer, obviating more conventional metal layers that tend to
harden over time and undesirably shift the resonator frequency. In the particular example shown, the top and bottom
electrodes implemented by the poly and single-crystal silicon layers, respectively (with "top" and "bottom" referring
arbitrarily to the drawing orientation as the structure may be flipped or otherwise reoriented in deployment, use, etc.),
are electrically coupled to exterior package contacts through mechanical tether and anchoring structures to enable
resonator reception of a piezo-actuating "drive" signal (Vsustain) and enable external sensing of a piezoelectric output
signal (Vsense) indicative of mechanical motion of the resonant structure. As shown, the resonator material stack may
be electrically modeled by a plate capacitance (the piezo electric layer) coupled to drive and sense nodes via low-loss
conductive paths.
[0010] Figure 1B illustrates an exemplary cross section through anchors, tethers and body of a more detailed dual-
silicon resonator. As shown, the piezoelectric layer is implemented by an aluminum nitride film (AlN) which extends,
along with the two degenerately doped silicon layers, through the tethers and anchors. Although depicted as disjointed
elements, the tethers, anchors and resonator body are physically coupled to one another, with the tethers serving as
spring-like structures to permit mechanical motion of the resonator (the "moveable micromachined member") which is
otherwise released from and suspended relative to the surrounding field areas and underlying substrate or insulator
layer (anchor and tethering structure(s) may alternatively or additionally be disposed beneath the resonator body).
Accordingly, conductive paths may be formed through the anchors and tethers to generate an electrostatic potential
across the aluminum nitride piezo layer and thereby actuate the resonator, causing oscillatory mechanical motion thereof
in one or more mechanical resonance modes (e.g., extensional, breathe, lamé, flexural, bulk-acoustic, or any other
practicable MEMS resonating mode - in-plane or out-of-plane). Various alternative materials may be used to implement
the piezoelectric layer in the example of Figure 1B and all others disclosed herein including, for example and without
limitation, Zinc Oxide (ZnO), Lead Zirconate Titanate (Pb[ZrxTi1-x]O3 0≤x≤1), Lithium Niobate (LiNbO3), Gallium Nitride
(GaN), Indium Nitride (InN), Scandium Aluminum Nitride (ScAIN), Quartz (SiO4), etc.
[0011] With respect to TCF engineering, the degenerately-doped single crystal silicon incorporates at least two degrees
of authority/control into a single layer: crystal orientation and dopant concentration. Additional authority is available with
respect to deposition of the piezoelectric film on the highly doped single crystal silicon. In particular, the thickness ratio
of the degenerately-doped single crystal silicon layer and an aluminum nitride piezoelectric layer (’x/y’) may be selected
to yield substantially matched, but opposite-sign second-order TCFs in those two layers, thereby canceling or substantially
attenuating their combined parabolic contribution to the net resonator TCF, and also providing some control (authority)
over the third-order resonator TCF. The preferred crystal orientation in the polysilicon film may also affect the first- and
second-order TCFs. Accordingly, as shown in Figure 1C, at least the first-order and second-order TCFs of the dual-
silicon piezo-actuated resonator of Figures 1A and 1B can be engineered (controlled, manipulated) by varying the crystal
orientation of the degenerately-doped single crystal silicon layer at a particular doping concentration, dopant type and
layer thickness, the aluminum nitride layer thickness, and/or the degenerately-doped polysilicon layer thickness at a
particular dopant concentration. In a number of implementations, for example, the various TCF orders are engineered
to yield a substantially zero net TCF (e.g., frequency within 50 ppm, 20 ppm, 10ppm or less of target) over a desired
operating range (e.g., -40°C to 85°C). More generally, such multi-order-compensated resonators (i.e., nulling not only
first-order TCF, but also quadratic and possibly cubic and higher-order TCF terms)may be engineered to:

• null or otherwise attenuate (e.g., to zero, substantially zero, or an otherwise negligible level) the first, second, third,
and fourth order TCF terms or any two of those.
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• exhibit a nonzero value of the linear TCF specifically chosen to partly or wholly compensate (or cancel or counteract)
the cubic TCF and thereby reduce the absolute frequency variation over a particular temperature range.

• exhibit one or more local extrema in the temperature-dependent frequency (i.e., having a temperature at which a
local minimum or maximum frequency occurs), also called "turn-over temperatures."

• exhibit a turn-over at the nominal operating temperature.

[0012] Also, in a departure from TCF compensation schemes that cumulatively apply material layers to compensate
respective TCF terms (e.g., one or more material layers to compensate for first-order TCF, one or more other material
layers to compensate for second-order TCF, etc.), examples of temperature-engineered resonant structures disclosed
herein include a semiconductor layer or region engineered to compensate, by itself, for both the linear TCF and one or
more higher-order TCFs and thus enable construction of "short stack" MEMS resonators consisting of a reduced number
of material layers relative to layer-per-TCF implementations. For one example, the linear TCF of a resonator fabricated
from an anisotropic degenerately doped semiconductor (DDS), such as single-crystal silicon, is adjusted by rotating the
orientation of the resonator geometry relative to underlying crystal axes. As a second example utilizing an anisotropic
degenerately doped semiconductor, the linear TCF of a resonator is tuned by altering the geometry of the resonator
and/or the mode shape. As another example, in a number of embodiments, a semiconductor material is doped to a
sufficiently high concentration that the polarity of the second-order TCF (i.e. the sign of the quadratic TCF) of a resonator
constructed from that material is reversed relative to the second-order TCF of a resonator constructed from a more
lightly doped version of that semiconductor (e.g., yielding a positive quadratic TCF, in contrast to the negative quadratic
TCF exhibited at lower dopant concentrations). The reverse-polarity quadratic TCF may be exploited to partially or wholly
cancel the quadratic TCF of one or more other materials (for example a piezoelectric material having a quadratic TCF
polarity opposite that of a degenerately doped semiconductor material) within a composite resonator over a given
temperature range, thus producing a resonator with a reduced quadratic TCF magnitude. As explained, a resonant
structure with engineered linear and higher order TCFs can be fabricated exclusively from a degenerately doped sem-
iconductor, or degenerately doped semiconductors may be deployed within composite resonant structures to enable
engineered temperature stability. For example, composite structures suitable for piezoelectric micromechanical reso-
nators are disclosed below and address the problems of frequency stability over temperature and the engineering of
linear and higher-order TCFs. As discussed, such composite structures offer high quality factor, low hysteresis over
temperature, low aging of frequency over time, compatibility with batch micro-fabrication methods, small form factor,
insensitivity to shock and vibration, and other desirable features.
[0013] Resonant structures as described herein may be fabricated wholly or partly from a degenerately doped monoc-
rystalline or polycrystalline semiconductor (e.g., silicon, germanium, diamond, carbon, silicon carbide, compound sem-
iconductors such as silicon germanium, etc.) or using combinations of such semiconductors. Pure and lightly-doped
semiconductors are insulating materials at low temperature. When the semiconductor is doped with certain impurity
atoms, above some dopant concentration the semiconductor will exhibit metallic or highly conductive behavior even at
low temperatures (e.g. for single crystal silicon, approaching 0 Kelvin). Such a semiconductor is said to be "degenerately
doped". For example, in single-crystal silicon, this may occur at a phosphorus doping level at or above 4E18 atoms/cm3.
More generally, the onset of degeneracy varies with semiconductor and dopant. In addition to a change in electrical
conductivity, various material properties of semiconductors change with doping level, as well as the temperature de-
pendencies of various material properties. In particular, resonators fabricated with a degenerately doped semiconductor
can exhibit significantly different TCFs than similar resonators constructed with a more lightly doped version of the
semiconductor material. In some cases, it is even possible to reverse the sign (or polarity) of one or more TCFs by
altering the doping level of a semiconductor used as a structural material in a resonator. These temperature-dependency
changes are exploited in a number of resonator implementations to enable sophisticated, targeted engineering of tem-
perature coefficients.
[0014] In specific examples of resonant composite structures disclosed herein, two of the constituent materials are a
degenerately-doped semiconductor (DDS) and a piezoelectric material. This composite structure, an example of a DDS
resonator, can be engineered to simultaneously achieve target values or ranges of values for two or more of the TCFs
of a particular resonance mode. In one example, for instance, a composite structure is constructed from degenerately
doped silicon (a semiconductor) and aluminum nitride (a piezoelectric material - others may be used as discussed above)
and engineered such that the first-order and second-order TCFs of a particular resonance mode of the structure as a
whole (i.e., the linear and quadratic TCFs, respectively) are both within a specified tolerance from zero, thus yielding a
temperature-insensitive resonator or temperature-compensated resonator.
[0015] In addition to the two primary constituent materials, additional materials may be present in the composite
structure. In particular, another conductive material such as metal or another semiconductor layer (which may also be
degenerately doped) may also be included to serve as an additional electrode (as discussed below, the DDS layer may
serve as another electrode within the composite structure). Examples of suitable electrode materials include but are not
limited to heavily doped silicon, silicides, tungsten, molybdenum, titanium or aluminum. The term electrode is used herein
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to mean, without limitation, a conductive material used to establish an electric field for transduction of electrical to
mechanical energy or mechanical to electrical energy. Note that layers applied as electrodes may also serve other
functions, for example and without limitation, a piezoresistive function, a heating function, etc.
[0016] The examples disclosed herein address many or all of the aforementioned problems and issues for resonator
performance through engineering multiple parameters or design degrees of freedom of a structure with reduced sensitivity
to temperature while providing piezoelectric coupling for some structures, high quality factor, low hysteresis, low aging,
batch micro-fabrication compatibility, small form factor, insensitivity to shock and vibration, etc.
[0017] For mechanical resonators, the natural frequency is determined principally by the mass density and the stiffness
of the material from which the resonator is constructed. The change in material stiffness due to change in ambient
temperature is of principal concern in the design and manufacture of resonators because it changes the natural frequency
of the resonator. The change in material geometry due to thermal expansion or contraction is also a concern as it also
changes the natural frequency of the resonator.
[0018] For pedagogical purposes, it can be illustrative of the principle of TCF engineering to examine a simple model.
One such model is where the resonator structure is constructed of thin layers and only the motion of the material on a
single axis is considered. For this simple example, the stiffness of a material is described by a single number, the effective
elastic modulus. This is a simplification of the physical case where all dimensions of motion should be considered and
the stiffness of a material might be described by a tensor. In the simple model, the elastic modulus of an anisotropic
material depends on the material orientation.
[0019] For composite structures, a simple model for the nth temperature coefficient of frequency is a weighted average
of the contributions of all constituent parts of the resonator. This average can be written as follows for a stack of thin
films (or layers) of material: 

 where the sum over i is taken over all films in the stack, ti is the thickness of the ith film, Ei is the elastic modulus of the

ith film, and  is the nth material TCF for the ith film. The coefficient  is a material parameter of the ith film that

lumps together the contributions from thermal expansion and temperature-sensitivity of the elastic modulus to give the
temperature coefficient of frequency for a resonator constructed of that material alone. Equation (2) can be generalized
for composite structures with arbitrary geometries, non-uniform, and anisotropic materials. Note that, in that case, the

 coefficients can be tensors. The nth TCF for a resonator constructed out of at least one material is λn.

[0020] Equation (2) shows that the first requirement for engineering the temperature coefficients of a resonator’s
frequency using composite materials is to use materials that bracket the desired values. For example, if λn is desired to

be zero, this result can be obtained if at least one  is positive and at least one other  is negative.

[0021] Equation (2) also indicates that in order to simultaneously engineer N temperature coefficients such that

 where  is the desired value of the nth coefficient, equation (2) can be split into N separate equations.

Typically the solution of N equations is obtained with the variation of at least N variables. These N variables can be
called design variables and they should have sufficient design authority such that the solution to these N equations is
in an accessible space. Design authority is a description for the magnitude of the effect that a change in a given design
parameter has on a metric of interest. The accessible design space depends on fabrication constraints (e.g. material
selection, film thickness ranges and control accuracy) and operation constraints (e.g. quality factor, frequency, motional
resistance).
[0022] Despite the traditional emphasis on linear TCF control, analysis shows that composite resonator performance
may be substantially increased through control over at least the first two temperature coefficients. As mentioned above,
a resonator implementation that exhibits control over at least the first two temperature coefficients of frequency can be
constructed from aluminum nitride and degenerately-doped single-crystal silicon. Such a resonator can be compatible
with piezoelectric transduction and may exhibit other advantageous properties including but not limited to high quality
factor (Q), low hysteresis over temperature, low frequency aging over time, batch micro-fabrication compatibility, small
form factor, and insensitivity to shock and vibration.
[0023] In addition to controlling at least the first-order and second-order TCFs, the following non-exhaustive list of
criteria are applied in designing selected resonator examples disclosed herein:
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• The temperature coefficients of the individual materials combine to yield the target temperature coefficient of fre-
quency for the overall structure. For example, if the target first-order TCF is at or near zero, and the first-order TCFs
of at least one component-material is substantially positive, then the first-order TCF of at least one other component-
material is engineered and/or selected to be negative.

• There are N design parameters to enable control over N temperature coefficients.
• The combination of design parameters have sufficient design authority to enable a solution within the design space

defined by fabrication constraints and design constraints.

[0024] Aluminum nitride resonators typically have negative linear and quadratic TCFs. The temperature coefficients
of thin film polycrystalline aluminum nitride depend weakly on the film structure. Similarly, resonators constructed from
non-degenerate single-crystal silicon have negative linear and quadratic TCFs, and the TCFs tend to be only weakly
dependent on crystal orientation.
[0025] The linear TCF of a resonator constructed from degenerately-doped single-crystal silicon can be positive or
negative depending on crystal orientation, doping level and mode shape. Thus, crystal orientation constitutes a design
parameter (or design degree of freedom) that may be adjusted to control the linear TCF term. The quadratic TCF of a
resonator constructed from degenerately doped single-crystal silicon can be positive or negative depending on dopant
concentration, crystal orientation, doping level and mode shape. Figure 2A illustrates examples of such positive/negative
first-order and second-order TCFs, and also shows positive and negative 0th order TCFs (i.e., temperature-independent
frequency offsets).
[0026] It becomes possible to independently tune (i.e., control and potentially null) both the first-order and second-
order (linear and quadratic) TCF characteristics of a degenerately doped single crystal silicon layer through manipulation
of orthogonal design parameters, for example, crystal orientation and dopant concentration. Polycrystalline silicon res-
onators also can be degenerately doped to achieve a range of linear and quadratic TCF values, although if the material
lacks a dominant crystallographic orientation then one design degree of freedom may be lost.
[0027] Figures 2B-2E illustrate examples of a DDS resonator with a plan view of the resonator shown at 1a together
with optional electrode dispositions within and adjacent the resonant structure.
[0028] Referring first to Figure 2B, a resonant structure including at least one degenerately doped semiconductor layer
("DDS Resonator") is disposed between two electrode structures (e.g., used for driving and sensing the resonator) and
having one or more anchor points. In the example shown, spring-like members or "tethers" extend from opposite sides
of the resonator body to anchors in the surrounding material field to establish dual anchor points, though more or fewer
anchor points may be implemented in alternative realizations. Also, while an oblong or rectangular resonator shape is
depicted, DDS resonators may be fabricated in any practicable shape and/or aspect ratio.
[0029] The electrodes on either side of the DDS resonator are shown in dashed outline to emphasize their optional
nature (a convention applied in other drawings herein, though the absence of dashed-line presentation should not be
construed as meaning that a given element or structure is required). Also, one or more electrically-isolated electrode
regions may be implemented within a given resonator layer as shown by the T-shaped regions outlined within the
resonator body. One or more alternately-shaped electrode regions (i.e., having different shapes than those shown) may
be employed in alternative realizations, and the resonator body itself may also be employed as an electrode.
[0030] In the case of a single-layer degenerately doped silicon resonator, the motion of the resonator can be sensed
electrostatically or piezoresistively with appropriate electrical connections. Figures 2C-2E illustrate cross-sections of
exemplary material stacks (i.e., across the resonant structure at line A-A’ in Figure 2B) including a monolithic (single-
layer) stack at 2C, two-layer material stack at 2D and three-layer material stack at 2E. As explained below, additional
material stacks and/or stacks of different material than shown in Figures 2C-2E may be present in alternative realizations.
As discussed above, because a single layer of uniformly degenerately doped silicon possesses at least two design
parameters (crystallographic orientation and dopant concentration), a single-layer resonator (Figure 2C) composed of
uniformly degenerately doped single-crystal silicon can be engineered to have first-order and second-order TCFs that
are equal or near to zero through the combination of fabrication process and design. Moreover, the dopant concentration
need not be uniform. This allows for an arbitrarily large number of design parameters (i.e., "knobs" or degrees of freedom
for manipulating resonator performance through design). It may also be advantageous to create one or more regions in
or on the resonator that have different dopant concentration and/or different dopants as shown, for example, by the
different degrees of shading in Figure 2F. As shown in Figure 2G, regions in or on the resonator could also be created
with a locally deposited or patterned layer of material with desired properties. Locating these regions in areas of high
stress in the vibrational mode shape of the resonator, for example, may be advantageous, enabling control over first,
second, third, or higher order TCF values.
[0031] The resonator can also be engineered to have non-zero but controllable first- and second-order TCFs in order
to accomplish specific design intent. For example, the first-order TCF can be designed such that it minimizes the total
frequency variation over temperature by compensating for third-order and other odd-numbered higher order TCFs. As
another example, the first-order TCF can be designed in order to adjust the temperature at which the frequency change
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with respect to temperature reaches an inflection point, a local minimum or a local maximum. The temperature at which
the resonator reaches a local minimum or maximum frequency is commonly referred to as a turnover temperature. The
resonator TCF may also be designed to cancel the TCF associated with its sustaining circuit (i.e. a circuit that sustains
the mechanical motion of the resonator) or oscillator system. As a final example, the first- and second-order coefficients
can be selected such that they are relatively insensitive to angle and dopant concentration for improved manufacturability.
Figure 2H illustrates examples of such engineered TCFs.
[0032] Referring again to Figure 2D, a two-layer resonator composed of degenerately doped silicon and an additional
film can be constructed. If the silicon layer is single crystal then this structure possesses at least three design parameters:
crystallographic orientation and dopant concentration as described above, and additionally the ratio of the silicon thickness
to the thickness of the added film. Thus, a two-layer resonator composed of degenerately doped silicon and an additional
film may be capable of controlling three TCFs. In a number of implementations, including that shown in Figure 1C, the
additional film is a piezoelectric material (e.g., aluminum nitride), though the additional film (or other material layer) may
alternatively be any semiconductor, insulator or metal material selected for its TCF coefficients or another desirable
mechanical or electrical property.
[0033] Additionally, a three-layer resonator can be formed as shown in Figure 2E (i.e., with or without electrically
isolated electrode regions as discussed). In one embodiment, such a three-layer resonator includes a degenerately
doped single-crystal silicon layer that is coated in aluminum nitride (to form a piezoelectric layer) and an additional
conductive layer (e.g., a metal layer or another degenerately doped polysilicon electrode layer). As discussed above in
reference to Figure 2C, the first- and second-order TCFs can be controlled by varying the crystal orientation of the bottom
(single-crystal) silicon at a particular doping level and thickness, the aluminum nitride thickness, and the polysilicon
thickness at a particular dopant concentration. The preferred crystal orientation in the polysilicon film may also affect
the first- and second-order TCFs. An alternative set of design parameters can be chosen in order to engineer the TCF
of the film stack, and the previous example is just one of many possibilities. Additionally, as shown at Figure 21, one of
the layers in a three-layer resonator can be made sufficiently thin that its contribution to the TCFs of the composite
structure is minimal (e.g., negligible or otherwise attenuated) and the compensation problem reduces to that of the two-
layer resonator case. For example, the top layer may be implemented by a thin conductive metal or semiconductor layer
instead of a degenerately doped polysilicon electrode layer.
[0034] Additional layers can be added to the stack. One example, shown in Figure 2J, includes a degenerately-doped
single-crystal silicon with aluminum nitride sandwiched between a top electrode and bottom electrode. The electrodes
can be manufactured from any conductive metal or semiconductor film, for example polysilicon, aluminum, molybdenum,
titanium, tungsten, or a silicide formed using a metal and silicon.
[0035] In various implementations, a single MEMS system 200 may include multiple elements co-fabricated on the
same substrate as a DDS resonator. Referring to Figure 3, for example, a MEMS system 200 may include a DDS
resonant element 201 (i.e., one form of MEMS resonator), one or more temperature sensing elements 203 ("temperature
sensor"), and one or more heating elements 205 ("heater"). The temperature sensitive element may be used as part of
an active temperature compensation system. One example of a temperature sensing element is a thermistor, which has
a temperature-dependent electrical resistance. A heater may be included for initial calibration of the resonator frequency
stability or to maintain the MEMS system at an approximately constant temperature despite variation in the ambient
temperature. The temperature sensor and/or heater may be optionally excluded from MEMS system 200. As mentioned
above (and described in greater detail below), the resonator structure may be used as a sensor instead of a frequency
reference. Examples of alternative resonator applications include filters, gyroscopes, accelerometers, pressure sensors,
microphones, magnetometers and mass sensors.
[0036] DDS resonators as described herein may be deployed with or without supplemental temperature compensation,
thus effecting a purely passive temperature compensation scheme, or a combination of, for example, passive and active
temperature compensation. Although active electrical compensation circuits, by definition, increase system power con-
sumption, a combination of passive and active compensation (e.g., DDS resonator in combination with active compen-
sation circuitry) may enable stability targets to be achieved with less power than active compensation alone, or enable
greater stability than could be achieved with either approach alone. Passive mechanical temperature compensation is
possible through material selection and structure design in both monolithic and composite resonator structures.
[0037] DDS resonators as disclosed herein may be combined with additional elements to form a system with improved
temperature stability and/or other useful functionality. In Figure 4A, for example, a DDS resonator 301 is combined with
a sustaining circuit 303 to form an oscillator. The resonant frequency of the oscillator may be modified in a temperature-
dependent manner (i.e., as shown in Figure 4A, a temperature signal from sensor 305 is received within frequency
modifying element 307 which, in turn, provides a temperature-dependent resonant-frequency control signal to DDS
resonator 301 and/or sustaining circuit 303) and to yield a resonant frequency with improved temperature stability
compared to that achievable with the DDS resonator alone. For example, a temperature-dependent electrostatic field
may be applied directly to the DDS resonator using control electrodes that are co-fabricated with the resonator. An
example of this approach is shown in Figure 4B, with electrodes formed by the degenerately-doped silicon (DDSi) layer
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(electrode 2) and conductive layer (electrode 1) of the three-layer resonator example described above (i.e., having DDSi,
AlN and conductive layers, though other resonator structures/materials may be used in alternative implementations),
and the temperature-dependent electrostatic field formed by the time-varying and temperature-dependent difference
between the potentials at the two electrodes, Ve1-Ve2.
[0038] As another example, if one component of the resonator has a significant piezoelectric response, the mechanical
stress on the resonator can be modified in a temperature-dependent manner to adjust the resonator frequency. Figure
4C illustrates an example of such an arrangement, again in the context of the tri-layer DDSi/AlN/conductive-material
resonator discussed above, though other resonator structures and/or materials may be used.
[0039] In another implementation, shown for example in Figure 4D, a capacitive element may be included in a resonator
sustaining circuit 321 and its capacitance can be modified in a temperature-dependent manner, thereby effecting a
variable capacitance element 323 that may be used, for example, to tune the frequency of the oscillator system (i.e.,
system including DDS resonator 301 and sustaining circuit 321).
[0040] In an alternative implementation, shown in Figure 4E, the resonant frequency of DDS resonator 301 is modified
after being output from an oscillator (formed at least in part by the DDS resonator 301 and sustaining circuit 303, as
shown) by a frequency modifying element 331 within the resonator system. In a more specific implementation, shown
for example in Figure 4F, a temperature-dependent signal (e.g., from a temperature sensor as shown at 305 in Figure
4E) can be provided to a fractional-N phase locked loop (an example of a frequency modifying element) in order to
generate an output frequency that is substantially more stable over temperature than in the case of the resonator alone.
[0041] As shown in Figure 4G, any of the oscillator systems shown in Figures 4A-4F (or other oscillator systems
employing a DDS resonator) may include programmable/storage circuitry 350 in which TCF coefficients, control settings
or other information may be stored. TCF coefficients recorded or stored in such an oscillator system may be based on
the characteristics of an individual resonator (301) or group of resonators. Additionally, the coefficients may be based
on characteristics of an individual sustaining circuit (303) or group of sustaining circuits. For example, the TCF behavior
of oscillators or resonators may be determined by sweeping temperature and recording frequency as shown at 355, or
by measuring room temperature characteristics (e.g., resistivity, frequency, etc.) that are predictive of temperature-
dependent behavior.
[0042] Programmable/storage circuitry in which the TCF coefficients or other parameters indicative of temperature-
dependent behavior may be stored may include any practicable on-chip or off-chip memory elements such as, for
example and without limitation, registers or other volatile or non-volatile memory elements including, without limitation
one-time-programmable (OTP) memory, electrically programmable read-only-memory (EPROM), Flash memory and so
forth.
[0043] The TCF coefficients, or other parameters indicative of temperature dependent behavior, may also be stored
as a resistance value. As shown in Figure 4H, for example, the MEMS resonator die may contain at least one resistor
that may be trimmed in resistance by a laser (or other method, such as thermal fusing) to record a value related to the
behavior of the device over temperature. A thermistor and/ or heater may also be used to store information in this manner.
Additional bond pads or electrical interconnects are avoided by using a thermistor, or heater, for example, for this purpose.
[0044] The stored temperature behavior information may be used by an oscillator system to improve its frequency
stability. The system can read out the stored information, combine it with a temperature measurement, and apply a
correction to the resonator or oscillator system frequency. This operation is shown, for example, in the implementation
of Figure 4I, in which a frequency-modifying element 375 receives a temperature signal from sensor 305 and reads out
temperature-based correction data ("data") from programmable storage 350. Frequency correction signals corresponding
to the correction data are then output to a resonator, sustaining circuit and/or output conditioning circuitry (e.g., PLL as
discussed above in reference to Figure 4F).
[0045] Figure 5A illustrates an example of MEMS arrangement having a DDS resonator 401 integrated with one or
more components of an active temperature compensation system. The DDS resonator may be implemented in accord-
ance with any of the resonator examples described herein and includes one or more layers (or other deposition or
arrangement) of degenerately doped semiconductor material. In the examples shown, the temperature compensation
circuitry includes one or more temperature sensing elements 403 (e.g., thermistor or other temperature sensor), one or
more heating elements 405 and temperature control circuitry 407 to control operation of the heating elements (e.g.,
powering the heating elements as necessary to reach a predetermined or programmed temperature setpoint or temper-
ature range). Figure 5B illustrates an example of this temperature compensation operation, showing a time-varying
heater output generated in accordance with a time-varying ambient temperature to maintain a constant or near-constant
resonator temperature.
[0046] As Figure 5A shows, integration of the DDS resonator and components of the temperature compensation
system may vary from implementation to implementation. In one implementation, shown for example in shaded region
411, DDS resonator 401 is integrated (i.e., co-fabricated with or otherwise formed on the same substrate or die) with a
temperature sensor 403("Integrated T-Sense"), while temperature control circuitry 407 and heater 405 (i.e., one or more
heating elements) are implemented off die. In another implementation, indicated by region 415, temperature control
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circuitry 407 and heater 405 are integrated with temperature sensor 403 and DDS resonator 401, thus establishing a
fully integrated active temperature compensation system within the MEMS resonator die. Though not specifically shown,
DDS resonator 401 may alternatively be integrated with heater 405 while the temperature sensor(s) and/or temperature
control circuitry remain off-die.
[0047] In a number of realizations, a temperature sensor as shown in Figures 4A and 4E may be implemented within
one or more component members of an encapsulated dual silicon resonator, or within a multi-die package that includes
a dual-silicon resonator (MEMS) die and logic die. Figure 6 illustrates various options for such temperature-sensor
integration, including temperature sensor implementation within the lid or device layer of an encapsulated dual-silicon
resonator and/or within a collocated logic die that additionally contains the sustaining/sensing circuit for driving the dual-
silicon resonator into one or more resonant oscillation modes and sensing the resonant mechanical motion of the
resonator. In the case of in situ disposition within the device layer of an encapsulated resonator structure, the temperature
sensor may be implemented by a secondary micromachined structure -- more specifically, by a micromachined (or
MEMS) thermistor structure that is substantially released from the device-layer substrate and having any number of
shapes that permit relatively stress/strain-free thermal expansion and contraction (and thus limited mechanically-induced
nonlinearity in the temperature dependence of the end-to-end thermistor resistance). Though not specifically shown,
the end-terminals of the MEMS thermistor may be coupled to TSVs in the encapsulation structure (lid and/or substrate)
and ultimately to package level contacts to enable a temperature-sense output signal. When implemented in the lid
wafer or logic die, the temperature sensor may be implemented by a silicon, polysilicon or metal thermistor feature, p-
n junction and/or other thermally-sensitive feature. In yet other realizations, discussed in greater detail below, the tem-
perature sensor may be implemented by a patterned trace and/or p-n junction within one or more layers of the dual-
silicon resonator itself.
[0048] Figure 7 illustrates an exemplary process for fabricating a MEMS thermistor and dual-silicon MEMS resonator
(having two degenerately doped silicon layers and a piezoelectric layer as discussed above) within neighboring regions
of the same SOI substrate (i.e., to be resident within the same encapsulated device layer). As shown, an oxide layer is
deposited over an SOI substrate and then etched (e.g., wet-etched) to yield a masked thermistor region. After PSG
deposition (e.g., via vapor-phase POCl3) and a mini drive cycle (relatively short duration drive) to achieve a relatively
shallow dopant diffusion, and then a long anneal (relatively long and/or high-temperature drive) to achieve a deeper final
dopant diffusion profile. At this point the single-crystal silicon device layer is degenerately doped (with process-dependent
gradient) except in a thermistor region beneath the oxide mask, which remains relatively undoped. Remaining layers of
the dual-silicon resonator are deposited (e.g., AlN and ISDP or any other materials according to variants discussed
above), the oxide mask is removed and trenching/etching and release processes are carried out to finalize the two
collocated MEMS elements - dual-silicon resonator and neighboring MEMS thermistor. By juxtaposing the MEMS ther-
mistor and dual-silicon resonator within the same device layer, and within the same (eventually) encapsulated chamber
and singulated die, temperature gradients between the thermistor and resonator that plague less proximal temperature-
sense/resonator arrangements are eliminated (or rendered negligible), increasing accuracy of various temperature-
compensation schemes encompassed by Figures 4A and 4E.
[0049] Figure 8 illustrates an exemplary interconnect arrangement within a dual-silicon resonator having an additional
lightly-doped (or undoped) single-crystal silicon thermistor layer as part of the resonator structure. While this arrangement
adds a layer to the resonator material stack (in this case with the thermistor layer disposed beneath the dual degenerately
doped silicon layers and piezo layer described above - any other stack location may be feasible), the thermal coupling
of the thermistor layer to the remainder of the resonator material stack ensures zero or near-zero temperature differential
between those two resonator regions, again, avoiding error-inducing temperature gradients suffered by less proximal
arrangements. As shown, an additional pair of sense terminals may be coupled across the thermistor layer (e.g., through
conductive structures in the tethering/anchoring structures to opposite lateral ends of the thermistor layer) and routed
to external contacts of the encapsulated material stack and eventual resonator/thermistor package.
[0050] Figure 9A illustrates an example of a DDS resonator 500 having a number of the features described above.
More specifically, DDS resonator 500 may be a single-layer structure (i.e., consisting only of a single degenerately doped
semiconductor, such as degenerately doped silicon) or a multi-layer structure having, for example, aluminum nitride
(AlN) or other piezoelectric layer disposed between a degenerately doped silicon layer and conductive layer as shown
in Figures 1A-1C. Also, the dopant type or concentration within the DDS layer or any other layer of resonator 500 may
be non-uniform (e.g., higher or lower concentration with high stress area 501 or other areas of the resonator body), and
the resonator may be fabricated such that the resonator axis 503 is disposed at a nonzero angle, φ (i.e., the "resonator
angle"), with respect to the crystallographic axis 504. As explained above, the resonator angle, DDS dopant concentration
and type (including any nonuniformity) may each be specifically engineered to null first-order and at least one higher-
order temperature coefficients of frequency. The mode shape, relative layer thicknesses, dopant types/concentrations
of other layers (e.g., conductive layer formed from degenerately doped polysilicon) may also be specifically chosen, in
combination with the dopant concentration/type of the bulk DDS layer, to yield a desired temperature-dependent resonant
behavior, such as a temperature indicative behavior, temperature-stable (or temperature-insensitive) behavior, etc., over
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one or more desired operating temperature ranges. In the particular example shown, DDS resonator 500 has an ellipsoid
shape with a pinched transverse dimension (i.e., orthogonal to resonator axis 503) between spring-bearing anchors
507a and 507b. Trenching 512 is etched or otherwise formed around and/or beneath the resonator and anchor spring
elements to release the DDS resonator and anchor spring elements from (i.e., free those elements to move relative to)
substrate field area 510.
[0051] DDS resonator 500 may have an A-A cross-section generally as shown in Figure 1B - that is a degenerately-
doped (DD) single-crystal silicon layer, an aluminum nitride piezoelectric layer and a degenerately-doped polysilicon
electrode layer. Spring elements ("spring") and field area anchors are disposed on either side of the resonator body to
form the respective anchors shown at 507a and 507b in Figure 9A. Various other anchoring arrangements, with or
without spring mounts, may be employed in alternative implementations, including single-anchor arrangements or con-
figurations of more than two anchors.
[0052] Figure 9B illustrates an exemplary finite-element model of the DDS resonator of Figure 9A, showing displace-
ment and stress distribution during resonant vibration (or oscillation). For example, vectors (arrows) projecting from the
edge of the resonator body illustrate a direction of motion of the resonator during an expansion phase of an oscillation
cycle. In the example shown, a high stress area occurs between the anchors, while low stress areas occur at opposite
ends of the resonator axis (i.e., the axis shown in Figure 9A), and equi-stress contours occur between the low-stress
and high-stress areas. The stress in the anchors is near zero.
[0053] Figures 10A-10I illustrate non-exhaustive examples of alternative resonator shapes/designs, with each exem-
plary resonator implemented in the [110] crystallographic orientation (i.e., 45 degrees off-axis from the single-crystal
silicon layer axis and/or predominant axis of the polysilicon layer, though various other angular orientations may be
selected according to TCF engineering objectives). Referring first to the resonator shown in Figure 10A, centrally-
disposed bi-lateral tethers (springs) secure the otherwise freed resonator body to field-area anchors. The enlarged
resonator end-masses tend to limit (restrict) modal interactions outside a desired resonant frequency over a frequency
range of interest.
[0054] Referring to the resonators of Figures 10A-10I generally, resonant motion causes stress in selected directions
across the resonator body in view of the in-plane anisotropic single crystal silicon core, particularly in the [110] axial
orientations shown. Slots or vents (e.g., ∼7 microns wide) are provided within the resonant body to provide stress relief
and facilitate vapor-phase HF release - and also to enable lateral dopant diffusion in at least in some processes (e.g.,
as discussed above in reference to Figures 2B and 3I-3K) and/or effect TCF engineering. For example, in the resonators
of Figures 10B and 10C (and others), the location and size of the slots are chosen to enhance dopant concentration in
regions of high stress and, conversely, attenuate dopant concentration in low-stress regions. In the resonator designs
of Figures 10D, 10E, 10F and 10G, vents in field areas (outside the resonator body) may be used to release those
regions during vapor-phase HF etching, thus form cantilevers or other structures that suppress/avoid field-area interfer-
ence with resonant behavior. The exemplary design in 10G includes a single centrally disposed anchor/tether from which
release vents extend and tuned to limit transmission of vibration to the resonator bulk. The examples of Figures 10H
and 10I illustrate centrally anchored resonators with more than two released members (or appendages) extending
therefrom. The resonator of Figure 10H, for example, resonates predominantly in extensional mode (with each of the
point masses moving in-plane to and from the anchor), while the four beams extending outward from the central anchor
in the Figure 10I example resonate in flexural mode (in effect, operating like a double-ended tuning fork). Various other
resonator core shapes, anchoring schemes, appendage counts, angular orientations, etc. may be implemented in al-
ternative realizations, including realizations that purposefully exhibit multiple simultaneous resonant modes (e.g., having
different TCF characteristics as discussed below).
[0055] While omitted from a number of dual-silicon resonator examples described above, one or more metal layers
or silicides may be introduced into such structures to improve electrode conductivity and/or serve as seed beds to
improve material structuring of the piezoelectric layer (e.g., growing more ordered vertical grains of an aluminum nitride
piezoelectric layer). Figure 11A illustrates such an approach with a layer of titanium nitride, molybdenum, etc. formed
over the degenerately-doped single-crystal silicon prior to piezoelectric layer formation, with the top electrode imple-
mented, as before, by a layer of highly doped polysilicon. Figure 11B illustrates a similar approach in which a metal
deposition (e.g., titanium, tungsten, etc.) over the degenerately-doped single-crystal silicon layer is thermally driven to
form a silicide seed bed (e.g., TiSi2, WSi, etc.) for improved piezoelectric layer formation and improved bottom electrode
conductivity. Though not specifically shown, the layer stack shown in Figure 11A may be re-ordered by reversing the
positions of the degenerately doped poly layer and metal layer. While such an arrangement may be susceptible to
aging/work-hardening, top-electrode conductivity may be improved without sacrificing thermal frequency-trim authority
afforded by the degenerately-doped polysilicon layer.
[0056] Figures 12A and 12B illustrate alternative resonator material stacks having the three layers shown in Figure
1A (i.e., the two degenerately doped silicon layers and piezoelectric layer) together with an additional metal layer. More
specifically, in Figure 12A, an additional metal layer is disposed between the degenerately doped poly layer and the
piezo layer and serves, at least in part, to enhance conductivity of the top electrode. In one implementation, for example,
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the metal layer serves exclusively as the top electrode for the piezo layer (e.g., with field-area via contact directly to the
buried metal layer), in which case the degenerately doped poly layer may serve primarily as authority for thermal frequency
trim. In the example of Figure 12B, the degenerately-doped poly layer is relocated to the opposite side of the piezo layer
(i.e., sandwiched between the piezo layer and core DD single-crystal silicon layer) thereby enhancing conductivity of
the bottom electrode and maintaining the poly-layer thermal-trim authority. Though not specifically shown, an additional
metal layer may also be disposed adjacent the bottom surface of the piezo layer (i.e., two metal layers sandwiching the
piezo layer) to minimize conductive loss without sacrificing the TCF-engineering authority provided by the degenerately-
doped single-crystal silicon core layer, or the thermal-trim authority provided by the degenerately-doped poly layer.
Moreover, while the dual degenerately-doped silicon layers (single-crystal and polycrystalline silicon) are constituents
of all material stacks described thus far, in all cases (including examples discussed below) either of those layers may
be only lightly doped, undoped or even omitted altogether, for example, where their contribution to the resonator bulk,
TCF-engineering, thermal-frequency-trim and/or other engineering or device-finishing authority is unneeded.
[0057] As discussed above, layer thicknesses within the dual-silicon resonator are generally non-uniform, and chosen,
for example, to yield a desired TCF characteristic (e.g., with the core single-crystal silicon layer being 30x the width of
an aluminum nitride piezo layer) and bulk resonator size, aspect ratio or other dimension. Due to their disparate surface
tensions, however, the material layers tend to warp when laminated into a composite stack, complicating downstream
fabrication steps (and possibly producing unwanted modal characteristics or otherwise degrading runtime performance).
Figures 13A and 13B illustrate examples of symmetric dual-silicon material stacks that avoid surface-tension imbalance
(and resultant warping). In the implementation of Figure 13A, for example, after fabricating two dual-silicon/piezo-layer
material stacks generally as shown, one of the material stacks is flipped and bonded to the other to yield a six-layer
stack (or 5 layer if the bonded polysilicon layers are viewed as a single layer) having a line of symmetry at the bond
surface. Thus, the relatively thick degenerately-doped single-crystal silicon core at the bottom of the stack is balanced
by a same-height ("h1") degenerately-doped single-crystal silicon core at the top of the stack. Electrically, the stack may
be viewed as a having a top and bottom electrode (formed by the counterpart degenerately-doped single-crystal silicon
layers) with series-connected capacitors (the two piezoelectric material layers) coupled between those electrodes and
coupled to each other through the bonded degenerately doped polysilicon layers - a series-coupled pair of capacitors,
electrically equivalent to a single capacitive element having twice the elemental capacitance. One advantage of this
approach, in addition to surface tension equilibrium, is the relatively tall material stack profile that results from the twin
single-crystal silicon (core resonator) layers - an arrangement that may meet large-profile design specifications (e.g.,
12-20 micron resonator heights or more) without requiring undue process scaling or additional material layers.
[0058] Figure 13B illustrates an alternative symmetric dual-silicon material stack in which a layer of bondable conductive
material is formed between the core single-crystal silicon layer and the piezoelectric layer, followed by formation of
another such layer over the piezo layer (sandwiching the piezo layer between two films of the bondable conductive
material). After surface preparation (e.g., chemical-mechanical planarization), another instance of the core silicon layer
is bonded to the material stack, thus forming (absent the bottom insulator and handle wafer) a substantially symmetric
material stack having the same series-coupled capacitor electrical model as the material stack of Figure 12A. In a twist
on the Figure 12B example, the piezo layer may be sandwiched between non-conductive bonding layers.
[0059] The following are at least some of the advantages that may be realized by designs disclosed thus far herein:

• Degenerately doped silicon can replace two separate materials used in piezoelectric resonators to date: a temper-
ature compensation material (e.g. SiO2) and an electrically conductive material (e.g. Mo). Degenerately doped silicon
is capable of temperature compensation and provides sufficiently low electrical resistance (e.g. 1-50 ohms) to serve
as an electrode material for many applications.

• Degenerately doped single crystal silicon facilitates improved frequency stability over temperature by allowing can-
cellation of both first- and second-order TCF. The doping and orientation of the degenerately doped silicon layer
provide at least two degrees of freedom for cancelling at least two temperature coefficients. Examples discussed
above demonstrate that first- and second-order TCF cancellation of a composite piezoelectric resonator utilizing
highly doped silicon is possible and is in the accessible design space. The temperature coefficient improvements
enabled by the disclosed implementations lead to the possibility of less than +/- 10 ppm of frequency variation across
the industrial temperature range from -40 to +85 C. In contrast, micromechanical resonators with only first-order
TCF compensation typically show +/- 50 to 200 ppm variation over the industrial temperature range.

• Elimination of the oxide and metal interfaces improves the mechanical quality factor of the resonator through the
elimination of layers with potentially high acoustic loss and the elimination of interfaces which each may significantly
increase the mechanical dissipation of the resonator.

• Furthermore, replacement of the metal and oxide layers in the structure with a semiconductor eliminates work
hardening, fatigue effects and interface effects that contribute to frequency hysteresis over temperature and fre-
quency aging over time.

• A resonator with engineered TCF characteristics may be created out of one or more layers of material. In one layer,
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it is possible to cancel the first and second order TCF coefficients by design and doping, if the material has qualities
similar to degenerately doped silicon. There may be one or more regions in the layer exhibiting one or more material
properties. For example, a single silicon layer may possess at least one region containing at least one doping level
and at least one dopant. A single material layer may possess at least one region containing at least one material
type. Each of these regions may add an additional degree of freedom in the resonator TCF behavior. By adjusting
the size and characteristics of these regions, it is possible to affect the nominal frequency and, the first, second,
third, and higher order TCF terms.

[0060] Micromachined structures within microelectromechanical systems (MEMS) may, for various reasons, benefit
from production-time or post-production heating. While conventional production-time heating within an oven or furnace
may be effective where a common temperature is to be achieved across an entire MEMS wafer or batch of wafers,
emerging fabrication and post-production processes occasionally require iterative heating at precise die-specific or
wafer-specific temperatures. Additionally, some processes and/or products may benefit from non-uniform (or regional
or local) heating not readily feasible through whole-die or whole-wafer ovenization.
[0061] In addition to the various temperature-stable and wear-resistant characteristics discussed above, the degen-
erately-doped polysilicon layer and/or the degenerately-doped single-crystal silicon layer of the resonator structures
discussed above may be thermally cycled through joule-heating or radiant heating techniques to achieve targeted, post-
encapsulation and/or post-packaging adjustment of resonator frequency - for example, adjusting the natural frequency
of wafer-scale or singulated resonators to within 50 ppm, 20 ppm, 10 ppm or less of a target output frequency). More
generally, on-die structures that enable heating or superheating of micromachined elements within a MEMS device (i.e.,
including but not limited to the above-described resonator structures) are disclosed below in various embodiments. In
a first group of "contact heating" embodiments, direct-current conduction paths are established through the target mi-
cromachined structure to produce ohmic or resistive heating ("joule heating"), in some cases enabling the target element
to be heated to temperatures substantially beyond the nominal MEMS operating temperature range (i.e., "superheating").
In a number of contact heating embodiments, "tether" structures that interconnect the target micromachined element to
respective anchors are used to source and sink DC current and, optionally, to provide thermal isolation with respect to
the anchors and device substrate. In other contact heating embodiments, one or more electrode structures formed within
the material stack of a MEMS resonator (or other moveable micromachined member) are patterned to produce one or
more device-heating hot spots.
[0062] In a group of "capacitively-coupled heating" embodiments, alternating current (AC) flow is generated within the
target micromachined element through application of sufficiently high frequency signals to neighboring electrodes (i.e.,
immobile electrodes capacitively coupled to a moveable micromachined member and which, in the case of a microma-
chined resonant member, may serve during device operation as resonator drive electrodes and/or resonator sense
electrodes). In yet other embodiments, direct or capacitive couplings to respective dielectrically separated layers of a
micromachined structure are employed to convey radio frequency (RF) energy across the dielectric boundary and thus
heat the separated layers. In all such embodiments, the MEMS resonator structure or portions thereof (e.g., one or more
layers of multi-layered devices) may be patterned to enhance or retard joule heating effects. Also, multiple energy-
delivery ports may be provided in all cases to enable localized heating of respective regions and/or layers of the mi-
cromachined member. In self-heating embodiments, programmable steering circuitry (to steer AC or DC current to a
selected energy delivery port or group of ports) and/or programmable heating control circuitry (to establish a desired
heating profile) may be provided on the same die as the target micromachined member or on another die within a multi-
die package. In yet other embodiments, radiant heating (e.g., laser or radio-frequency heating) may be used to superheat
MEMS resonator structures or portions thereof, including, for example, transmission of radiated energy through a trans-
parent (i.e., to the relevant wavelength) lid or other structure of an encapsulated or packaged MEMS resonator. These
and other embodiments and features are disclosed in greater detail below.
[0063] Figure 14 illustrates an exemplary micromachined member (or structure) within a microelectromechanical sys-
tem (MEMS) that may be heated or superheated using the various techniques and circuit configurations disclosed herein.
In the arrangement shown and embodiments discussed below, the micromachined member is a moveable resonant
member within a MEMS device and includes at least one degenerately doped semiconductor (DDS) layer according to
the various examples described above. In all cases, the micromachined member may alternatively be a moveable mass
within an accelerometer, a thermistor, or any other useful MEMS structure. Also, the DDS layer may be implemented
by doping single-crystal, polycrystalline and/or amorphous forms of silicon, germanium, etc. with a relatively high con-
centrations of dopant (e.g., arsenic, boron, phosphorus, antimony, etc.), for example, above 1e18 atoms/cm3, 1e19
atoms/cm3, 1e20 atoms/cm3 or 2e20 atoms/cm3. Accordingly, "DDS" should be understood to mean degenerately doped
silicon as well as various other degenerately doped semiconductors including, for example and without limitation, de-
generately doped germanium, 3-5 compounds, silicon-germanium etc. Degenerately doped silicon is referred to in a
number of instances herein because it is the most industrially common semiconductor, but such references should not
be considered limiting.
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[0064] Continuing with Figure 14, the resonant member is secured to one or more anchors by respective tethering
structures ("tethers"), and may be disposed between respective drive/sense electrodes and/or have electrodes patterned
within a top or intermediate layer thereof. Detail views 615, 617 and 619 illustrate a number of possible implementations
of the resonant member including, a resonant structure formed entirely from DDS (e.g., degenerately doped silicon), a
DDS layer having a layer of piezoelectric material disposed thereon, and a piezoelectric layer sandwiched between a
DDS layer and an electrode layer. In the latter three-layer implementation, the electrode layer may include one or more
electrically conductive electrode regions isolated from one another by a dielectric (as shown), or merged into a consol-
idated electrode or electrode layer.
[0065] Figure 15A illustrates a profile view of an exemplary MEMS device having a DDS resonator (an example of a
moveable micromachined or microelectromechanical member) together with structural interconnections that permit pro-
duction time joule heating. In the contact-heating embodiment shown, the DDS resonator is secured between anchors
by way of multi-functional tethers. That is, the tethers serve not only to mechanically secure the DDS resonator to the
anchors (and thus to the device substrate), but also as electrical conductors for joule-heating current (IJH) and, in some
implementations, as a thermal isolator between the DDS resonator and the anchors.
[0066] The anchors themselves may be implemented by or layered with electrically conductive material and thus
conduct the joule-heating current from wafer probes or singulated die probes. More specifically, prior to device encap-
sulation a voltage source (or current source) established between the two probes (i.e., potential in either case indicated
by v+ and v-) produces a joule-heating current flowing from left-to-right in the example shown - - through the leftmost
anchor and tether, through the DDS resonator and then exiting through the rightmost tether and anchor, joule heating
the tethers and DDS resonator. Although a DC current is shown in Figure 15A (and other Figures below), alternating
currents may also be conducted through the DDS resonator.
[0067] Figure 15B illustrates a post-encapsulation joule-heating MEMS embodiment in which electrically conductive
vias extend through a hermetically encapsulating lid arrangement to make electrical contact with electrically conductive
anchoring structures (i.e., anchors formed from or layered with electrically conductive material as in Figure 15A). By this
arrangement, joule heating current may be driven through the DDS resonator during post-encapsulation finishing oper-
ations, or even post-production, including joule-heating in the field before or after the MEMS device has been deployed
within a host system. Figure 15C illustrates an alternative embodiment in which electrically conductive vias extend
through the device substrate (e.g., bulk semiconductor) to enable joule-heating current flow through the DDS resonator.
Note that, in the embodiments of both Figures 15B and 15C, the hermetic encapsulation may, together with a perimeter
seal ring or like structure, enclose a vacuum cavity or a cavity filled with inert, thermally isolating material, thus limiting
heat radiation from the DDS resonator to the substrate and lid.
[0068] Figures 16A-16C illustrate examples of multi-functional tether structures, showing examples of a bulk tether
(Figure 16A), a composite tether (Figure 16B), and an extended-path tether (Figure 16C). In general, the thermal and
electrical resistance of a given tether structure are inversely proportional to its cross sectional area, whereas the me-
chanical rigidity imparted by the tether (i.e., to secure the moveable micromachined member with respect to the anchor)
increases with cross-sectional area. In the bulk tether example of Figure 16A, the tether’s width (W - a proxy for cross-
section area in examples having a fixed depth dimension according to the micromachined member depth) is selected
in accordance with the tether’s material thermal and electrical conductivity and distance spanned (D) to yield a desired
electrical and thermal resistance, as well as a desired mechanical rigidity. For example, the electrical and thermal
resistance of the tether may be engineered to achieve a desired temperature range within the tether itself, thus providing
a thermal barrier (thermal isolation) between the heated or superheated moveable micromachined member and the
ambient temperature (or near-ambient) anchor and substrate.
[0069] In the example of Figure 16B, the "composite" tether is implemented by a collection of N component tethers
(N > 1), each sized to yield a desired cross-sectional area in view of the distance spanned, and to provide a degree of
thermal isolation and mechanical rigidity. Depending on the intended motion of the moveable micromachined member
(e.g., different possible vibrational modes in a resonant member), the decomposition of a bulk tether into multiple com-
ponent tethers as shown in Figure 16B may provide enhanced motional freedom, without unduly compromising me-
chanical support. Decomposition of a bulk tether into multiple component tethers that collectively occupy the same
footprint as the bulk tether reduces the cross-sectional area of the composite tether (as compared to a counterpart bulk
tether), thus raising electrical and thermal resistance so that higher tether temperatures may be achieved for the same
joule-heating current and fabrication material - a result that may enable higher temperatures to be achieved within the
target micromachined member.
[0070] In the embodiment of Figure 16C, the tether structure is routed laterally in a direction orthogonal (perpendicular)
to the spanned distance and folded back on itself, thus extending the electrical and thermal pathway between the anchor
and moveable micromachined member such that substantially higher temperatures and potentially greater thermal
isolation may be achieved. In the particular implementation shown, the tether includes symmetric lateral extensions or
folds (i.e., extending by lateral distance L in both directions relative to the span axis). By this arrangement, and by
choosing the collective lateral extension distance (2∗L, where ’∗’ denotes multiplication) to approximately match the width
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of the moveable micromachined member (or at least the width of the anchor), the tether presents an effective thermal
barrier between the moveable micromachined member and the anchor. Note that the lateral extension dimension of the
folded tether may be only a fraction of the moveable member width in alternative embodiments (e.g., ¨ or 1/3 of the
moveable member width, though small or larger fractions may be implemented) in which case multiple composite folded
tethers may be deployed. Also, as explained above, the width of the tether (W, which may be uniform throughout the
roots and lateral extensions of the tether or may be narrower in one or the other), may be engineered to yield a desired
thermal and electrical resistance and thus produce a relatively high temperature within the tether increasing the tether’s
efficacy as a thermal isolator (e.g., the ratio of L to W may be set to 2, 3, 4, 5 or higher, or to any fractional value between
those integer ratios). Further, the U-shaped geometry of each lateral (folded) extension provides a degree of mechanical
compliance (yet another function performed by the tether), compressing and expanding with motion of the micromachined
member. Thus, the tether shown in Figure 16C serves to mechanically secure the moveable micromachined member
to the anchor, provide an electrical pathway for joule heating, thermally isolate the moveable micromachined member
from the anchor and provide a spring-like mechanical compliance between the micromachined member and anchor. In
alternative embodiments, the lateral extension dimension, L (which may be smaller than, approximately or nominally
equal to or larger than the span distance, D) may be larger or smaller than that shown (e.g., extending beyond the outline
of the moveable micromachined member) and the shape of the lateral extension may be different (e.g., curving radially
in a semicircle or semi-ellipse instead of bending/folding to form a U-shape). Also, instead of symmetric lateral extensions,
the tether may exhibit a single lateral extension (i.e., in only one direction relative to the span axis). Similarly, instead of
a single tether with symmetric lateral extensions and folds, the MEMS device may include two single-fold tethers with
oppositely directed lateral extensions (i.e., as though the depicted tether was split in two along the span axis), or even
multiple pairs of such folded tethers, with the fold of a given tether encompassed within the fold of another.
[0071] Figure 16D illustrates an exemplary thermal profile achieved by conducting a DC or AC joule heating current
through a moveable micromachined member via anchors and folded tethers. Due to the higher electrical resistivity of
the tethers relative to the anchors and, at least in some cases, the moveable micromachined member, joule heating
occurs predominantly within the tethers themselves, resulting in conductive and possibly radiant heating of the moveable
micromachined member (where joule heating may also occur). The tethers also thermally isolate the moveable microma-
chined member from the ambient or near-ambient temperature (T0) anchors during joule heating so that, in a vacuum
environment at least, the nominal tether temperature at the tether’s physical midpoint (i.e., between the anchor and
micromachined member) rises to T0+TJH/2, and the moveable micromachined member is heated relatively uniformly
throughout to a temperature T0+TJH. Other temperature profiles (including those having nonlinear gradients) may be
produced in alternative embodiments. The moveable micromachined member may be slightly cooler than the hottest
part of the tethers dues to radiative dissipation or gas conduction, but will usually be near the highest temperature of
the tethers. The temperature profile can be accounted for in the design and trim process.
[0072] Figure 17 illustrates another joule-heating MEMS embodiment, in which respective pairs of "flexible" tethers
are provided to conduct joule-heating current to the moveable micromachined member, with each such tether pair thus
forming a dedicated heating port. In this arrangement, the mechanical tethers serve to connect the micromachined
member to the anchors (two of which are shown, though a single-anchor arrangement is also possible) and provide a
desired mechanical rigidity, while the flexible tethers may be designed to be relatively "soft" or even as soft as possible
so as to minimize damping of vibrational or inertial motions of the micromachined member. Also, provision of multiple
flex-tether pairs makes it possible to heat or superheat respective regions of the micromachined member non-uniformly,
an effect that may be useful in some applications. More or fewer heating ports (flex-tether pairs) may be provided in
alternative embodiments, including heating ports that drive currents across corners, individual layers, or other more
isolated regions of the micromachined member.
[0073] Figures 18A and 18B illustrate exemplary capacitively-coupled driven heating arrangements in which electrodes
that serve as drive and/or sense electrodes (e.g., within a MEMS resonator or accelerometer) double as radio-frequency
(RF) energy inputs that drive AC joule-heating currents within a moveable micromachined member. In the embodiment
of Figure 18A, for example, a RF energy source is supplied to both electrodes, while a complementary phase of the RF
signal (or a steady state neutral voltage set, for example, at the mid-point between the upper and lower peaks of the RF
signal) is coupled to one or more multi-function tethers, thus effecting an alternating current flow into and out of the
moveable micromachined member via the multi-function tether. That is, energy is transferred from the RF energy source
to the micromachined member via the capacitive coupling between the electrodes and the micromachined member, with
charge carriers alternately being expelled from and drawn into the micromachined member via the multi-function tether
(i.e., AC current).
[0074] In the embodiment of Figure 18B, the complementary phases of the RF energy source (or RF signal and neutral
voltage) are coupled alternately to the two electrodes so that the electrodes are driven differentially to produce an AC
current flow therebetween (i.e., charge carriers being alternately compelled across the moveable micromachined member
toward one electrode and then the other). In such an embodiment, the mechanical tether (or tethers) may be electrically
nonconducting (if conducting and coupled to a fixed-potential substrate via electrically conductive anchors, AC current
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will flow as in Figure 18A) and are generally engineered as discussed above to provide thermal isolation with respect
to anchor structure(s) which have temperatures at or near the ambient temperature surrounding the die or wafer.
[0075] Figure 19A illustrates yet another joule heating embodiment in which energy is supplied conductively (e.g., via
electrically conductive tethers as discussed above) or capacitively (e.g., via capacitive electrodes as discussed in ref-
erence to Figures 18A and 18B) to respective layers of a multi-layer device. In the particular example shown, the upper
electrode layer and bottom DDS layer sandwich an interior dielectric layer (e.g., a piezoelectric material) so that the
outer layers may be viewed as forming respective resistances through which DC or AC joule-heating currents pass.
[0076] Figure 19B illustrates an alternative heating arrangement in which joule-heating is sourced primarily within a
patterned electrode layer of a dual-silicon resonator (i.e., degenerately-doped poly layer and degenerately-doped single-
crystal silicon layer with piezo layer sandwiched between the silicon layers). The tethers may still be structured to provide
thermal isolation between the resonator and anchoring field areas, but are otherwise sufficiently conductive such that
the predominant joule-heating voltage drop (and power dissipation) occurs within the patterned electrode layer. In the
particular example shown, the patterned electrode (e.g. implemented in one or both of the degenerately doped silicon
layers - single-crystal silicon and/or polysilicon, with the latter arrangement depicted) includes a relatively narrow con-
ductive passage extending between larger bulk interconnect nodes. Due to its relatively low cross-sectional area (and
correspondingly higher resistance), the narrow passage constitutes the predominant source of ohmic (I2R) power dis-
sipation within the conduction path traversed by the joule-heating current and thus the predominant joule-heating source.
As with the tether-based heating arrangement of Figure 16D, the resonator may be heated relatively uniformly to a target
temperature (e.g., T0+TJH) with limited thermal radiation from the resonator to the substrate and lid structures. More
generally, patterned-electrode joule heating may produce, alone or in combination with other joule-heating or radiant
heating sources, a temperature profile different from the example in Figure 16D, including generation of local or non-
uniform temperature distributions.
[0077] Figure 20 illustrates another embodiment in which an RF energy source is coupled across the outer (at least
somewhat electrically conductive) layers of the moveable micromachined member shown in Figure 19A. By this arrange-
ment, AC currents are generated in the electrode and DDS layers of the micromachined member to enable heating or
superheating of those layers.
[0078] Figure 21 illustrates an encapsulated or chip-scale MEMS package having a MEMS die (e.g., with a moveable
micromachined member formed thereon) and a control die. As shown, the control die includes a number of low-power
control signal interconnects that convey relatively low-power run-time control signals and output signals between the
two dies (or dice), as well as relatively high-power heat-energy interconnects that enable delivery of joule-heating energy
in the form of DC or AC power signals. Although a single heat-energy interconnect pair is shown, more interconnects
may be provided in embodiments having multiple heating ports. Also, while the heat-energy interconnects are shown
as extending between the control die and the MEMS die, the heat energy interconnects may alternatively or additionally
be exposed to a surface of the package to enable power delivery from an external heating controller. Further, the heat
energy interconnects between the MEMS die and control die may be omitted in favor of energy input interface on the
MEMS die that is accessed pre- or post-encapsulation as discussed above (i.e., MEMS die heating is carried out prior
to packaging with control die). Electrical vias and contacts that are sized for superheating may be larger in lateral
dimension than their counterparts that are designed for normal operation. For example, electrical vias for normal operation
may be 5-15 microns in diameter to minimize parasitic capacitance. In contrast, vias that are sized for superheating may
range, for example and without limitation, from 20-100 microns in diameter to minimize resistive heating in the via. The
via may be in contact with a low melting temperature material (such as aluminum or titanium) and thus the via temperature
increase should be limited. Furthermore, the electrically conductive material in the vias may have a lower electrical
resistivity than would otherwise be required for normal operation, such as DDS rather than a lightly doped semiconductor.
[0079] Still referring to Figure 21, programmable heating control circuitry may be provided within control die to enable
in-situ post-production heating or superheating of micromachined member(s) within the MEMS die. In such an embod-
iment, the control die may also include a programming interface (i.e., signaling interface) accessible via external contacts
of the MEMS package. Accordingly, an external controller (e.g., dedicated and disposed in-situ with the MEMS package
within a host system, or a standalone production or post-production controller) may be coupled to the programming
interface to issue programming instructions and operands as necessary to configure the programmable heating control
circuitry and thereby initiate and control heating/superheating of one or more micromachined members within the MEMS
die.
[0080] Figure 22 illustrates an embodiment of a programmable heating controller that may be used to implement the
programmable heating control circuitry of Figure 21. As shown, the heating controller includes a number (N) of program-
mable register banks that supply respective sets of programmed parameters to a power driver circuit. The power driver
circuit, in turn, drives power signals (i.e., serving as a voltage or current source) to respective heating ports in accordance
with the parameters programmed within the corresponding register bank. In the particular example shown, each pro-
grammable register bank includes a set of register fields (any or all of which may be implemented by individual registers)
to store respective parameters that control the amplitude, duration and frequency of voltage or current pulses output by
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the power driver via the corresponding heating port, as well as a port enable field that enables the heating port to be
selectively engaged or disabled.
[0081] Figure 23 illustrates an arrangement in which multiple heating-power drivers within an external heating controller
may be coupled to respective singulated or on-wafer MEMS devices, thus enabling concurrent execution of various
heating and superheating operations described above with respect to the subject MEMS devices. The external heating
controller may be implemented, for example, within a production or testing device (e.g., within automated test equipment
(ATE)) that may perform numerous other functions related to or independent from MEMS device heating/superheating.
[0082] Figure 24A illustrates an exemplary heating power profile that may be produced within the external or in-situ
heating controllers of Figures 22 and 23, together with exemplary temperatures produced within a moveable microma-
chined member (i.e., within a MEMS device or package). In the particular example shown, pulses of various width
(duration in time) and amplitude (power) are produced, with the net energy delivery proportional to approximately to the
area under the pulse. More specifically, pulse durations may be varied from at least 0.1 ms to 100 ms (shorter and/or
longer pulse durations may be implemented but such pulse duration are not part of the present invention) and power
levels may range at least from 20 mW to 500 mW (higher and/or lower limits may be supported). Temperatures produced
within moveable micromachined elements during heating/superheating operations may substantially exceed nominal
MEMS run-time operating temperatures, ranging from 300 to 1300 degrees Celsius in the exemplary thermal profile
shown, though higher and/or lower temperatures may be achieved (e.g., lower temperature limit of 500, 600, 700 or 800
degrees Celsius).
[0083] Though not specifically shown in Figure 24A, pulse frequency may also be varied in accordance with heating
control parameters (e.g., as discussed in reference to Figure 22). Also, as shown in Figure 24B, the power pulse waveform
may be shaped to achieve a controlled cooling profile, for example, by selecting between various power-down ramps
rates. Thus, if a slower cool-down rate is desired, a longer (flatter-slope) power-down ramp may be selected, while,
conversely, if a faster cool-down rate is desired a shorter (steeper-slope) power down ramp may be chosen. Selected
power-down ramp rates may be applied to all power pulses (in which case different ramp-rates may be applied to
respective pulses) or only the final pulse or final few pulses in a heating (power pulse) sequence. Further, while linear
power-down ramps are shown, any or all of ramps may have non-linear profiles (e.g., exponential or hyperbolic profiles).
Also, while controlled power-down profiles are shown, the rising edges of power pulses may similarly be shaped according
to achieve controlled heating rates. In all cases, power profiles other than (or in addition to) the pulsed profiles shown
may be used to effect device heating operations, including, for example and without limitation, steady-state or non-
return-to-zero power profiles.
[0084] The electrical circuitry used to heat a structure may also sense the structure’s temperature. The electrical
properties of the structure will generally be a function of the temperature, for instance the resistance may increase with
temperature. This may be used to measure the temperature before or after trimming. This may also be used to measure
the structure temperature between heating pulses or even during a heating pulse. In this way a pulse duration or height,
or other power profile characteristic may be modified prior to or while it is in progress in order to obtain optimal results.
For instance if a tether has a specific resistance when cold and another resistance when it is at a desired hot temperature,
then a current pulse may be applied until the desired hot temperature is reached. The structure’s resistance can be
measured at the same time as heating with various means, for instance by applying a current to heat the structure, while
measuring the voltage across the structure to determine its resistance, or alternately by applying a DC heating drive
while measuring resistance with an AC test signal.
[0085] Figure 25 illustrates an exemplary processing of packaged MEMS device in which an oven reflow operation is
executed to merge two separate terminals that form a heating port into a single operational terminal. That is, prior to
oven reflow, the packaged MEMS device includes three electrically isolated terminals, two of which form a port for heating
or superheating an internal micromachined structure as discussed above, while the other forms a first operational terminal.
As respective solder layers (or layers of other heat-soluble electrically conductive material) of the two heating port
terminals are rendered fluid during oven reflow and flow together, the two heating port terminals are effectively merged
to form the second of two operational terminals (i.e., converting the MEMS device from a three-terminal device to a two-
terminal device). This same approach may be carried out with respect to the first operational terminal (e.g., reflowing to
merge distinct terminals that may constitute a second heating port into the first operational terminal) or other terminals
not shown.
[0086] Figure 26 illustrates an exemplary heating port arrangement within a packaged MEMS device having two front-
side terminals ("terminal 1" and "terminal 2"). In the particular embodiment shown, the backside of a chip-scale package
(CSP) is electrically coupled to an electrode layer in a moveable micromachined member (e.g., resonant member as
shown at 119 in Figure 1) via a tethering structure and thus forms a third terminal referred to herein as the "backside
terminal" ("Terminal 3"). One of the front-side terminals is electrically coupled to the same electrode layer as the backside
terminal via another tethering structure, so that the tether-interconnected front-side terminal and backside terminal form
a heating port through which an AC or DC joule-heating current may be conducted. An exemplary circuit model of this
joule-heating operation is shown in Figure 27A, illustrating a current IJH flowing through a pair of tethers (each modeled
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as Rtether) and also through one or more layers of the moveable micromachined member. Electrical current from terminal
1 to the bottom (DDS) layer of the micromachined member also passes through one or more tether structures, which
may be the same tether structures that conduct the joule-heating current. Note that while equal tether resistances (Rtether)
are shown for all terminal connections, the tether resistances may vary from layer to layer, even where a shared tether
is used. For example, the cross-sectional area (width and/or height) of the tether and/or electrical conductivity of the
tether may be non-uniform with respect to its connection to different layers of the micromachined member.
[0087] Still referring to Figure 26, the capacitor between terminal 1 and terminals 2/3 represents a piezoelectric or
other dielectric film in the moveable micromachined member, in this particular example. Although a DC current source
is coupled across terminals 2 and 3 to produce the joule-heating current (e.g., during production or post-production
processing) in the depicted arrangement, a DC voltage source or AC voltage or current source may alternatively be
used. Also, after dicing a wafer (i.e., wafer containing multiple such MEMS structures as shown in Figure 26) into individual
dies, the backside of each die may still be electrically coupled to one of the front-side terminals (i.e., through the resistances
of the tethers and moveable micromachined member). In many applications, this residual electrical coupling (i.e., between
backside and front-side terminals) has no (or negligible) impact on device operation and may be left intact. In applications
that require or benefit from electrical isolation between the device backside and front-side terminals during device
operation, a fusible or otherwise break-able connection to the backside terminal may be employed to enable post-
production abolishment of the backside terminal.
[0088] The two front-side terminals shown in Figure 26 are utilized for normal device operation. In this example, the
capacitor represents a piezoelectric layer as in the case of a dual-silicon piezoelectric MEMS resonator shown in Figure
1A. During normal device operation, only one connection to each electrode layer in the MEMS structure (i.e., microma-
chined member) is required so that the backside of the MEMS die (terminal 3) may be unused. In the exemplary model
shown, the backside terminal is permitted to float electrically so that no (or negligible) joule-heating current flows within
the moveable micromachined member. This operation is shown in Figure 27B In alternative embodiments, the backside
terminal may be abolished as discussed above. Also, as with all embodiments herein, micromachined members may
be implemented/fabricated with more or fewer than the three layers than shown in Figure 26.
[0089] Figures 28A and 28B illustrate exemplary electrical interconnections between encapsulation-level TSVs
(through-silicon-vias extending, for example, through an encapsulating lid structure or substrate) and piezo-actuated
resonator electrodes that enable both package-level terminal interconnection (i.e., during subsequent packaging steps)
and post-encapsulation joule-heating of the MEMS resonator. In the embodiment of Figure 28A, three terminals are
exposed at TSVs through the lid and/or substrate layer of the encapsulated dual-silicon resonator - two terminals coupled
to opposite lateral ends of the top electrode (shown as an ISDP layer, though any of the alternative material layer
configurations may be used) and one terminal coupled to the bottom electrode (a degenerately doped single-crystal
silicon layer in this example). By this arrangement, a direct or alternating current may be passed, for example, through
the tethering structures of the resonator and top electrode layer, either or both of which may be designed to superheat
the resonator material stack (i.e., joule-heat the resonator material stack as discussed above) and thus carry out any
number of post-encapsulation annealing operations and/or thermal frequency trim operations. The embodiment of Figure
28B is similar to that of Figure 28A, except that the joule-heating terminal pair is tether-coupled to opposite lateral ends
of the bottom electrode layer (e.g., degenerately doped single-crystal silicon layer) to operate the bottom tethering layer
and/or bottom electrode layer as the superheating source instead of the top-layer tether/electrode elements. In yet other
embodiments, two joule-heating terminal pairs may be provided, with each coupled to opposite ends of a respective
degenerately-doped silicon layer. Also, as discussed in greater detail below, the joule-heating terminal pair in either of
the Figure 28A/28B embodiments may be merged to form, together with the third encapsulation terminal, the resonator
sense/drive terminals discussed in reference to Figure 1A. Alternatively, the joule-heating terminal pair may be driven
by equipotential resonator-drive signals to emulate an electrical coupling of the terminal pair. That is, instead of wiring
the terminals together to establish an equipotential at the lateral ends of the relevant material layer (and tethering layers),
the terminals may be driven to an equipotential by a drive/sense circuit of an attached logic die.
[0090] Figures 29A and 29B illustrate a terminal reduction approach in which three or more encapsulation-level ter-
minals (e.g., as discussed in reference to Figures 28A and 28B) are merged prior to enclosure within a package housing
to expose only two electrically independent package-level terminals. In the conceptual diagram of Figure 29A, the joule-
heating terminals (joule-heating port) are coupled to an ISDP layer of a dual-silicon resonator (thus permitting introduction
of joule-heating current through wafer probes or singulated die probes), but may alternatively be coupled to the core
single-crystal resonator layer or supplemented by an additional heating port coupled to the core resonator layer (i.e., in
a four-terminal encapsulation structure).
[0091] Figure 29B illustrates an exemplary sequence of packaging operations to yield the intra-package terminal
merger (reduction) shown in Figure 29A, showing cross-sectional and top views of the encapsulated structure or packaged
structure at each point in the sequence. Starting with an exemplary three-terminal encapsulated structure, the two joule-
heating terminals are merged by a metal deposition to form a unified top-electrode terminal (or bottom-electrode terminal).
Thereafter, an additional packaging layer (e.g., polyimide or other non-conductive molding or material layer) is disposed
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over the merged electrode terminals with through-vias and solder-ball sockets formed as shown to yield a four-terminal
package in which two of the package-level terminals are electrically common (per the terminal-merging metal deposition)
to form top electrode interconnect nodes, and a third of the four terminals is coupled to the bottom electrode (or vice-
versa). The fourth package-level terminal is provided primarily for mechanical stability and may be left unconnected ("no
connect" or "NC") or redundantly coupled to the bottom or top resonator electrode. In yet other embodiments, particularly
where an oblong packaging structure is desired, only two package-level contacts may be exposed - one for each of the
two resonator electrodes.
[0092] In resonator-based systems for timing, sensing, or other applications, it may be desirable to calibrate resonant
frequency at or near room temperature to compensate for variability in the resonator manufacturing process. For example,
the room-temperature resonant frequency of an uncalibrated resonator may differ from its desired frequency by +/-10,000
parts per million (ppm) compared with typical application requirements on the order of +/- 20 ppm or less.
[0093] The offset between the desired and actual resonant frequency can be eliminated through active compensation
(i.e. continuous correction) or through passive compensation (i.e. one-time correction or "trim"). Active compensation
methods are undesirable in that they require dedicated electronic circuits, consume electrical power, and the compen-
sated frequency output may be noisier than the uncompensated resonator frequency.
[0094] It is advantageous to perform frequency calibration once the resonator is already hermetically packaged for
several reasons. First, it can be performed in a non-cleanroom environment which lowers costs. Second, the packaging
process can slightly shift the resonator frequency which degrades the accuracy of the frequency trimming process.
[0095] Although passive compensation techniques have been developed to trim the room temperature frequency of
MEMS resonators, for example through mass removal/addition via laser irradiation or surface chemical reaction, they
have several limitations when applied to hermetically packaged resonators (e.g., package damage, particulate generation
within the sealed cavity, introduction of chemically reactive material in sealed cavity, increased cavity pressure, increased
process complexity/cost, etc.).
[0096] In a number of examples disclosed herein, the various joule-heating structures/techniques discussed above
and/or alternative heating techniques (e.g., superheating by laser or other electromagnetic radiation) are applied to effect
thermal frequency trim operations. More generally, applications of superheating methods include the modification of one
or more resonant frequencies or other resonant device characteristics based upon material property modification -- a
modification distinct from the material removal, ablation, dimensional change, or surface modification described above.
Although these latter modifications can occur as a side consequence of the heating to change material properties, they
are not the primary mechanism though which the frequency trimming is effected. One or more superheating cycles in a
sequence may be utilized to manipulate the resonant frequencies of a MEMS structure. These and other thermal trim
methods and features are disclosed in greater detail below.
[0097] Figure 30 illustrates an exemplary heating of a MEMS resonator via a laser (e.g., continuous wave or pulsed
lasers with wavelengths ranging the ultraviolet to the infrared) or other source of electromagnetic radiation. The MEMS
resonator may optionally be hermetically encapsulated before frequency modification so that encapsulation-induced
frequency shifts are compensated out. The hermetic enclosure can be made of silicon, glass, alumina, or other materials
having minimal optical absorption in certain wavelengths in comparison with the DDS containing MEMS structure. For
example, an IR laser (for example, 1.1 micron wavelength) can be combined with a lightly doped silicon hermetic
enclosure (for example, 1e17 atoms/cm3) so that absorption of the DDS layer in the MEMS resonator (e.g., implemented
by a dual-silicon resonator or variants as described above) is substantially larger than the lightly doped silicon enclosure.
The laser can heat the resonator while leaving the hermetic encapsulation relatively undamaged. In the case of a laser
beam, the spot size can be substantially round or in an alternative shape through optical manipulation. The spot size
will typically be significantly smaller than the MEMS structure, although in some cases it may be beneficial to use a laser
spot that is comparable in size to the structure. The laser spot may be applied to one or more discrete positions on the
structure or it may be scanned to heat a specific area, shape or pattern.
[0098] In the case of heating via electromagnetic radiation, the DDS layer may perform two functions: frequency tuning
through stiffness modification and optical absorption. Alternatively, the DDS layer can be utilized for only a single function
(optical absorption) and the frequency of the MEMS structure can be modified though laser ablation, resulting in a
geometry change that leads to a stiffness decrease or a mass decrease depending on the spatial distribution of ablation.
The optical power may be spatially patterned across the MEMS structure, for example to independently engineer the
room temperature frequency of two or more modes or to independently control two or more temperature coefficients of
frequency.
[0099] In laser-based heating methods, the tethers perform two functions (thermal insulation/isolation and mechanical
compliance) and their third potential function of providing relatively high electrical resistance is less important. The
heating power source is at the point of laser incidence, rather than in the tethers or patterned-electrode hot spots as in
the case of joule heating.
[0100] Figures 31A and 31B illustrate manipulation of electrically active dopant concentration through heating and
cooling processes applied to the MEMS resonator structure. The total dopant concentration in a semiconductor is the



EP 3 311 486 B1

21

5

10

15

20

25

30

35

40

45

50

55

sum of the electrically active and the electrically inactive dopant concentrations. In DDS materials, the electrically active
dopant concentration at the completion of wafer-scale processing may be significantly lower than the total dopant con-
centration via numerous mechanisms of dopant inactivation.
[0101] The fabrication process of the DDS can be engineered so that a significant concentration of dopants is electrically
inactive at the completion of the wafer fabrication process. The inactive dopant concentration can be controlled through
selection of the dopant species (e.g. arsenic, boron, phosphorus, or antimony), the dopant dose per unit area, the dopant
concentration distribution, or the thermal processing parameters applied to the resonator (e.g. time, temperature, heating
rate, cooling rate).
[0102] Figure 31A illustrates the electrically active dopant concentration after such a DDS sample (e.g., degenerately-
doped single-crystal silicon, or degenerately-doped polycrystalline silicon) is heated. The electrically active dopant con-
centration does not change significantly at low temperatures (for example, below 200 °C) but increases significantly at
higher temperatures until a significant fraction or potentially substantially all of the previously inactive dopants have
become thermally activated. The maximum heating temperature may range anywhere from 600 °C to 1300 °C.
[0103] Figure 31B illustrates two potential scenarios for the electrically active dopant concentration as the DDS is
cooled. For sufficiently slow cooling rates (for example, 1°C/min) the electrically active dopant concentration will decrease
as dopants deactivate, such as through the formation of inactive clusters in the case of phosphorus doping. After cooling
slowly to room temperature, a significant fraction of the dopant atoms may be inactive. In contrast, if the DDS is rapidly
cooled ("quenched") at a rate on the order of 104 °C/sec (lower or higher cooling rates may be effective, however lower
cooling rates are not part of the present invention), relatively few dopant atoms will deactivate. Subsequent heating to
a lower temperature or a slower cooling rate may be utilized to decrease the electrically active dopant concentration,
allowing the dopant concentration to be increased or decreased. Cycles of heating followed by rapid cooling ("heating
cycles" or "superheating cycles" or "heating/quenching cycles") may thus be utilized to manipulate the electrically active
dopant concentration in a DDS.
[0104] Figure 32A illustrates the relationship between resonant frequency and the electrically active dopant concen-
tration of a DDS. The electrically active concentration of carriers in a DDS can modify both its stiffness at room temperature
(e.g. c11, c12 and c14 coefficients in silicon) and its 1st, 2nd and higher order temperature coefficients of stiffness. Thus,
a modification to the electrically active dopant concentration of a DDS can be utilized for frequency trimming.
[0105] Figure 32B illustrates the variation in the room temperature resonant frequency with heating time and heating
temperature. The rate of frequency change varies exponentially with heating time, and typically saturates to a steady-
state frequency for sufficiently long heating time. An increase in the heating temperature is typically associated with a
decrease resonant frequency. However, as noted earlier, after heating the MEMS device to a particular temperature,
subsequently heating the device to a lower temperature can potentially reduce the active dopant concentration (increase
the resonant frequency), a technique referred to herein as "backtuning".
[0106] Temperature-activated material modification of a MEMS structure is not specific to a particular transduction
technique. For example, it can be readily applied to electrostatic, piezoelectric, piezoresistive, or magnetically transduced
devices. Similarly it is not specific to Joule heating or laser-based heating. Any other heating method that can controllably
heat the MEMS structure to sufficiently high temperature may be applied. In the case of laser-beam heating, in some
cases it may be advantageous to situate the laser beam in regions that are not covered by electrodes, if electrodes are
placed on the resonator. For example, a piezoelectric resonator may use electrodes on the resonator. The resonator
may be engineered to situate special regions of interest, such as regions that experience high strain or large movement
in a vibrational mode, away from the electrodes to avoid damaging the electrode surface with laser illumination.
[0107] Figure 33 illustrates an exemplary sequence of heating (power) pulses that are sequentially applied to a MEMS
resonator to iteratively modify its resonant frequency. In this particular example, after three similar heating pulses are
applied to the structure the frequency has saturated and is no longer decreasing. The heating power and duration of the
fourth pulse are increased and a further decrease in resonant frequency is realized.
[0108] The temperature of the MEMS structure during the thermal process can be controlled by varying the applied
power and/or duration of the applied power level. For example, applying a thermal pulse with a duration of 1 nanosecond
(nsec) to a MEMS structure with a characteristic thermal time constant of 1 millisecond (msec) will result in a much lower
maximum temperature than a 100 millisecond pulse, because in the former case the structure will not have reached
thermal equilibrium. The thermal time constant of the MEMS structure can be engineered through the geometry or
materials from which the structure is composed.
[0109] Figure 34 is a flow chart that illustrates an example frequency trimming procedure or algorithm. The routine
begins by measuring the resonant frequency of the resonator at one or more temperatures. The temperature can be
adjusted using an external source or by passing electrical current through the device (i.e., any of the radiant heating or
joule-heating techniques disclosed above and more generally, any practicable technique for heating the MEMS structure).
If the resonator is not behaving as desired, the heating power, duration of exposure, and spatial distribution of the thermal
process are computed to alter the resonator characteristics. The thermal process is applied to the MEMS structure, for
example through Joule heating or laser irradiation. After waiting briefly for the MEMS structure to reach a desired
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temperature, such as the temperature of the surrounding room, the resonant frequencies are measured again to determine
if the desired behavior has been achieved. The resonant frequency may be measured while the resonator is at high
temperature, however there will be a resulting offset between the measured frequency and the room temperature fre-
quency. Thus is preferable to measure the resonator frequency at a temperature that is representative of the target
application.
[0110] In practice, frequency trimming consists of multiple repeated cycles (iterations) of measuring the resonant
frequency of one or more eigenmodes at one or more temperatures and then applying a thermal process to the MEMS
structure to impart a change in the room temperature frequency or TCF of one or more modes. It possible to independently
modify more than one parameter (e.g. frequencies of two different resonant modes, or room temperature frequency and
1st order TCF, etc.) by varying either the thermal process characteristics (e.g. maximum temperature or duration) or the
spatial distribution of the thermal process (e.g. laser position, alternating current frequency, or active electrical terminals).
In the heat-measure cycle of which each iteration is composed, it is beneficial but not necessary to wait sufficiently long
after the heating cycle for the MEMS structure to have cooled back to the ambient temperature or to a known temperature
before measuring the frequency. The temperature of the MEMS structure may be inferred by passing a relatively small
electrical current through the structure to measure its electrical resistance, which varies with temperature. Alternatively,
various optical or other non-contact temperature measurement techniques may be used to determine the superheating
temperature (e.g., vibrometer to ascertain resonator frequency as power pulses are applied) and/or in-situ temperature-
sensing structures may be used to determine the superheating temperature. However sensed, the superheating tem-
perature may be fed back to heating control circuitry to enable closed-loop heating the MEMS structure to a target
frequency, control heating and/or quenching rates/profiles, etc.
[0111] After each heat-measure cycle, the parameters for the next cycle may be computed. This process may be
aided by a model based approach, in which the expected frequency change for a thermal process is computed and
compared with the measured frequency change. If the frequency change for a particular iteration is smaller in magnitude
than the expected amount, the thermal power of the next iteration may be increased to compensate. Likewise, a larger
than expected frequency change can be used to modify the thermal power of the next iteration. This feedback process
can reduce the number of iterations, and hence the cost, of frequency trimming.
[0112] Figure 35 illustrates an exemplary frequency trim procedure. At the start of each iteration, the resonant frequency
is measured and the thermal process to apply is computed. The frequency is initially higher than the target frequency.
The thermal power is initially small in order to avoid over adjusting the frequency and to potentially calibrate a mathematical
model to the characteristics of this particular resonator. Over a total of seven iterations the thermal power is gradually
increased and the frequency is gradually decreased until the target frequency is achieved. The frequency trim process
may be terminated if the resonant frequency is within an acceptable range or alternatively aborted if the number of
iterations is larger than a prescribed limit or the frequency is too far away from the target frequency for success to be likely.
[0113] Figure 36 illustrates an exemplary frequency trim procedure that includes the technique of frequency backtuning.
As noted earlier, the thermal frequency tuning of DDS may be reversible under certain circumstances. The capability to
reverse the tuning process allows a more aggressive frequency trimming algorithm to be used. In this example, the
thermal power is rapidly increased. After the third cycle, the resonant frequency is below the target frequency. The two
remaining iterations reduce the thermal power to increase the frequency until the target frequency is achieved.
[0114] Multiple structures may be trimmed simultaneously to save time and reduce production costs. For instance, an
electrical probe station may be constructed to measure and trim 2, or 4, or 8, or various other numbers of devices
simultaneously. Alternately, or in combination, multiple structures may be electrically contacted simultaneously and
trimmed sequentially.
[0115] The frequency tuning process may be used to simultaneously trim multiple system parameters and is not limited
to the resonant frequency of a single resonant mode at room temperature. For example, the room temperature of multiple
resonant modes may be adjusted, multiple temperature coefficients of a single mode, or any combination therein. This
is possible by controlling the spatial distribution of the temperature across the MEMS structure during the thermal
modification process. For example, consider two positions on the resonator, PI and P2, and two vibrational modes, M1
and M2. The change in frequency of an individual eigenmode due to a change in stiffness at a particular position is
proportional to the mechanical stress at that position. For example, the mechanical stress at PI may be low for M1 and
high for M2. The opposite may hold true for P2 with respect to M1 and M2. Thus, modifying the stiffness at PI will
preferentially modify the frequency of M1 while modifying the stiffness at P2 will preferentially modify the frequency of
M2. The concept of a discrete position may be generalized to continuous temperature and stress distributions across
the MEMS structure.
[0116] Example methods for controlling and varying the temperature distribution across the MEMS structure include
varying the position of an incident laser beam, varying the selection of active and inactive electrical terminals used for
heating, or varying the frequency of an alternating current input to vary the distribution of current that flows through the
device, leading to a temperature increase, relative to the electrical current that passes through distributed parasitic
capacitances.
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[0117] Figures 37A-37D illustrate an exemplary manipulation of multiple resonant frequencies in a MEMS structure
based upon heating with a subset of all available heating terminals. In Figure 37A, a simplified disk ring gyroscope is
illustrated with two vibrational modes of interest: mode 1 and mode 2. Figure 37 illustrates an exemplary array of
electrodes surrounding the MEMS structure for utilization in capacitively coupled Joule heating in addition to potentially
being used during normal device operation. Figure 37C illustrates an RF input applied to a subset of the electrodes such
that the MEMS structure is nonuniformly heated to preferentially tune the frequency of mode 1, and Figure 37D illustrates
an RF input applied to a different subset of the electrodes to preferentially adjust the frequency of mode 2 to obtain a
desirable frequency relationship between the two modes. Temperature-activated frequency trim can be utilized to ma-
nipulate the sum or product of two or more vibrational modes. Example applications include but are not limited to mode
matching, engineering the frequency difference between two modes, and controlling the frequency ratio of two modes.
[0118] Figure 38 illustrates the adjustment of the frequency relationship between two modes of a similar MEMS
structure based upon the activation of a subset of heating terminals, except that the Joule heating is accomplished
through terminals that are directly coupled to the structure, allowing the possibility of DC heating currents.
[0119] The DDS layer or the dopant concentration within the DDS layer may be varied across the MEMS structure.
For example, regions with high electrical resistivity can be introduced into a structure to increase the local Joule heating
power density. As another application, the variation in dopant concentration across the structure may allow the change
in mechanical stiffness induced by superheating to be locally varied even if the temperature is relatively uniform across
the structure. This can be utilized to engineer one or more temperature coefficients of frequency (TCFs) of the structure.
For example, a MEMS resonator can be formed from two or more regions that are mechanically and thermally coupled
but possess substantially different TCFs. The room temperature frequency and TCFs of the composite structure will
depend on weighted contributions from each region. A change in the mechanical stiffness of one region with respect to
the others will thus result in a change in the TCFs of the composite structure.
[0120] Asymmetrically altering the stiffness of the MEMS structure may also be used to induce a change in quality
factor (Q) of the resonant device. By asymmetrically changing mass or stiffness of the resonator, increased energy loss
will occur at the points where the resonator is connected to the substrate or the package. This will cause a reduction in
Q. If the resonator is designed with an asymmetry and the laser alters the resonator to remove the asymmetry, the Q
may increase. The level of the system Q may be calibrated by adjusting the spatial distribution of the temperature during
thermal processing, for example through laser position or through the active electrical terminals.
[0121] The various circuits and MEMS structures disclosed herein may be described using computer aided design
tools and expressed (or represented), as data and/or instructions embodied in various computer-readable media, in
terms of their behavioral, register transfer, logic component, transistor, layout geometries, and/or other characteristics.
Formats of files and other objects in which such circuit expressions may be implemented include, but are not limited to,
formats supporting behavioral languages such as C, Verilog, and VHDL, formats supporting register level description
languages like RTL, and formats supporting geometry description languages such as GDSII, GDSIII, GDSIV, CIF,
MEBES and any other suitable formats and languages. Computer-readable media in which such formatted data and/or
instructions may be embodied include, but are not limited to, computer storage media in various forms (e.g., optical,
magnetic or semiconductor storage media, whether independently distributed in that manner, or stored "in situ" in an
operating system).
[0122] When received within a computer system via one or more computer-readable media, such data and/or instruc-
tion-based expressions of the above described circuits can be processed by a processing entity (e.g., one or more
processors) within the computer system in conjunction with execution of one or more other computer programs including,
without limitation, net-list generation programs, place and route programs and the like, to generate a representation or
image of a physical manifestation of such circuits. Such representation or image can thereafter be used in device
fabrication, for example, by enabling generation of one or more masks that are used to form various components of the
circuits in a device fabrication process.
[0123] In the foregoing description and in the accompanying drawings, specific terminology and drawing symbols have
been set forth to provide a thorough understanding of the disclosed embodiments. In some instances, the terminology
and symbols may imply specific details that are not required to practice those embodiments. For example, any of the
specific dimensions, quantities, temperatures, time periods, signal levels, power levels, signaling or operating frequen-
cies, component circuits or devices and the like can be different from those described above in alternative embodiments.
Additionally, links or other interconnection between integrated circuit devices or internal circuit elements or blocks may
be shown as buses or as single signal lines. Each of the buses can alternatively be a single signal line, and each of the
single signal lines can alternatively be buses. Signals and signaling links, however shown or described, can be single-
ended or differential. A signal driving circuit is said to "output" a signal to a signal receiving circuit when the signal driving
circuit asserts (or de-asserts, if explicitly stated or indicated by context) the signal on a signal line coupled between the
signal driving and signal receiving circuits. The term "coupled" is used herein to express a direct connection as well as
a connection through one or more intervening circuits or structures. Device "programming" can include, for example and
without limitation, loading a control value into a register or other storage circuit within the integrated circuit device in
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response to a host instruction (and thus controlling an operational aspect of the device and/or establishing a device
configuration) or through a one-time programming operation (e.g., blowing fuses within a configuration circuit during
device production), and/or connecting one or more selected pins or other contact structures of the device to reference
voltage lines (also referred to as strapping) to establish a particular device configuration or operation aspect of the device.
The terms "exemplary" and "embodiment" are used to express an example, not a preference or requirement. Also, the
terms "may" and "can" are used interchangeably to denote optional (permissible) subject matter. The absence of either
term should not be construed as meaning that a given feature or technique is required.
[0124] Various modifications and changes can be made to the embodiments presented herein without departing from
the scope of the disclosure. For example, features or aspects of any of the embodiments can be applied in combination
with any other of the embodiments or in place of counterpart features or aspects thereof. Accordingly, the specification
and drawings are to be regarded in an illustrative rather than a restrictive sense. The invention is defined by the appended
claims.

Claims

1. A method of manufacturing a microelectromechanical system (MEMS) device comprising:

providing a substrate;
forming a moveable micromachined member (100, 301) and a mechanical structure that secures the moveable
micromachined member (100, 301) to the substrate, thermally isolates the moveable micromachined member
(100, 301) from the substrate and provides a conduction path to enable heating of the moveable micromachined
member (100, 301), wherein the moveable micromachined member (100, 301) comprises a degenerately-doped
semiconductor;
characterized by
heating the moveable micromachined member (100, 301) via the mechanical structure to a temperature of at
least 300 degrees Celsius and subsequently cooling the moveable micromachined member (100, 301) at a rate
of at least 104 degrees Celsius per second in iterations of one or more cycles, to obtain a predetermined ratio
of an electrically active dopant concentration to overall dopant concentration.

2. The method of claim 1, wherein each cycle of the heating and the cooling is performed according to a predetermined
temperature profile, specifying an average temperature of the moveable micromachined member as a function of
time.

3. The method of claim 1 or 2, wherein each respective cycle of the heating and the cooling comprises applying a
pulse of heating power via the mechanical structure, the pulse having a duration between 0.1 milliseconds and 100
milliseconds, to obtain the predetermined ratio.

4. The method of any of the preceding claims 1 to 3, wherein the MEMS device is embodied as part of an oscillator
circuit and the moveable micromachined member (100, 301) comprises a MEMS resonator.

5. The method of any of the preceding claims, further comprising providing the MEMS device i with an encapsulating
structure that forms a vacuum cavity in which the moveable micromachined member (100, 301) and at least part of
the mechanical structure are disposed.

6. The method of any of the preceding claims, wherein the mechanical structure comprises a folded tether.

7. The method of any of the preceding claims, wherein the step of forming the mechanical structure further comprises
providing sufficient thermal isolation and electrical resistivity to enable heating of the moveable micromachined
member (100, 301) to a temperature of at least 700 degrees Celsius when a joule heating current is conducted via
the conduction path.

8. The method of any of the preceding claims, wherein the step of forming the mechanical structure further comprises
forming an electrode coupled in series with and forming part of the conduction path, the electrode being patterned
to include a resistive region with sufficient resistance to heat the moveable micromachined member (100, 301) to
the temperature of at least 300 degrees Celsius when a current is conducted through the conduction path.

9. The method of claim 8, wherein the electrode comprises degenerately-doped polycrystalline silicon.
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10. The method of claim 8, wherein the electrode comprises degenerately-doped single-crystal silicon.

11. The method of claim 8, wherein the resistive region comprises a passageway feature of the electrode that extends
between and electrically couples first and second terminal regions of the electrode, the passageway feature having
substantially smaller cross-sectional area than either of the first and second terminal regions and being coupled in
series with the first and second terminal regions within the conduction path.

12. The method of any of the preceding claims, wherein the degenerately-doped semiconductor is formed by a degen-
erately-doped silicon.

Patentansprüche

1. Verfahren zum Herstellen einer mikroelektromechanisches System (MEMS)-Vorrichtung, umfassend:

Bereitstellen eines Substrats;
Ausbilden eines bewegbaren mikrobearbeiteten Elements (100, 301) und einer mechanischen Struktur, die das
bewegbare mikrobearbeitete Element (100, 301) an dem Substrat befestigt, das bewegbare mikrobearbeitete
Element (100, 301) von dem Substrat thermisch isoliert und einen Leitungsweg bereitstellt, um ein Erhitzen des
bewegbaren mikrobearbeiteten Elements (100, 301) zu ermöglichen, wobei das bewegbare mikrobearbeitete
Element (100, 301) einen degenerativ dotierten Halbleiter umfasst;
gekennzeichnet durch Erhitzen des bewegbaren mikrobearbeiteten Elements (100, 301) über die mechani-
sche Struktur auf eine Temperatur von mindestens 300 Grad Celsius und anschließendes Abkühlen des be-
wegbaren mikrobearbeiteten Elements (100, 301) mit einer Rate von mindestens 104 Grad Celsius pro Sekunde
in Iterationen von einem oder mehreren Zyklen, um ein vorbestimmtes Verhältnis einer elektrisch aktiven Do-
tierstoffkonzentration zur Gesamt-Dotierstoffkonzentration zu erzielen.

2. Verfahren nach Anspruch 1, wobei jeder Zyklus des Erhitzens und des Abkühlens gemäß einem vorbestimmten
Temperaturprofil durchgeführt wird, das eine Durchschnittstemperatur des bewegbaren mikrobearbeiteten Elements
als Funktion der Zeit spezifiziert.

3. Verfahren nach Anspruch 1 oder 2, wobei jeder jeweilige Zyklus des Erhitzens und des Abkühlens das Anlegen
eines Impulses von Heizleistung über die mechanische Struktur umfasst, wobei der Impuls eine Dauer zwischen
0,1 Millisekunden und 100 Millisekunden aufweist, um das vorbestimmte Verhältnis zu erzielen.

4. Verfahren nach einem der vorstehenden Ansprüche 1 bis 3, wobei die MEMS-Vorrichtung als Teil einer Oszillator-
schaltung ausgeführt ist und das bewegbare mikrobearbeitete Element (100, 301) einen MEMS-Resonator umfasst.

5. Verfahren nach einem der vorstehenden Ansprüche, ferner umfassend das Ausstatten der MEMS-Vorrichtung mit
einer Verkapselungsstruktur, die einen Vakuumhohlraum ausbildet, in dem das bewegbare mikrobearbeitete Ele-
ment (100, 301) und mindestens ein Teil der mechanischen Struktur angeordnet sind.

6. Verfahren nach einem der vorstehenden Ansprüche, wobei die mechanische Struktur eine gefaltete Halterung
umfasst.

7. Verfahren nach einem der vorstehenden Ansprüche, wobei der Schritt des Ausbildens der mechanischen Struktur
ferner das Bereitstellen einer ausreichenden thermischen Isolierung und eines ausreichenden elektrischen Wider-
standes umfasst, um das Erhitzen des bewegbaren mikrobearbeiteten Elements (100, 301) auf eine Temperatur
von mindestens 700 Grad Celsius zu ermöglichen, wenn ein Joulescher Heizstrom über den Leitungsweg geleitet
wird.

8. Verfahren nach einem der vorstehenden Ansprüche, wobei der Schritt des Ausbildens der mechanischen Struktur
ferner das Ausbilden einer Elektrode umfasst, die in Reihe mit dem Leitungsweg geschaltet ist und einen Teil
desselben bildet, wobei die Elektrode so strukturiert ist, dass sie einen Widerstandsbereich mit ausreichendem
Widerstand aufweist, um das bewegbare mikrobearbeitete Element (100, 301) auf eine Temperatur von mindestens
300 Grad Celsius zu erhitzen, wenn ein Strom durch den Leitungsweg geleitet wird.

9. Verfahren nach Anspruch 8, wobei die Elektrode degenerativ dotiertes polykristallines Silizium umfasst.



EP 3 311 486 B1

26

5

10

15

20

25

30

35

40

45

50

55

10. Verfahren nach Anspruch 8, wobei die Elektrode degenerativ dotiertes einkristallines Silizium umfasst.

11. Verfahren nach Anspruch 8, wobei der Widerstandsbereich ein Durchgangsmerkmal der Elektrode umfasst, die
sich zwischen ersten und zweiten Anschlussbereichen der Elektrode erstreckt und diese elektrisch miteinander
verbindet, wobei das Durchgangsmerkmal eine wesentlich kleinere Querschnittsfläche als einer der ersten und
zweiten Anschlussbereiche aufweist und mit den ersten und zweiten Anschlussbereichen innerhalb des Leitungs-
weges in Reihe geschaltet ist.

12. Verfahren nach einem der vorstehenden Ansprüche, wobei der degenerativ dotierte Halbleiter durch ein degenerativ
dotiertes Silizium gebildet wird.

Revendications

1. Procédé de fabrication d’un dispositif de système micro-électromécanique (MEMS) comprenant :

la fourniture d’un substrat ;
la formation d’un élément micro-usiné mobile (100, 301) et d’une structure mécanique qui immobilise l’élément
micro-usiné mobile (100, 301) sur le substrat, isole thermiquement l’élément micro-usiné mobile (100, 301) du
substrat et fournit un chemin de conduction pour permettre le chauffage de l’élément micro-usiné mobile (100,
301), dans lequel l’élément micro-usiné mobile (100, 301) comprend un semi-conducteur dopé de manière
dégénérée ;
caractérisé par
le chauffage de l’élément micro-usiné mobile (100, 301) via la structure mécanique à une température d’au
moins 300 degrés Celsius et le refroidissement subséquent de l’élément micro-usiné mobile (100, 301) à une
vitesse d’au moins 104 degrés Celsius par seconde dans des itérations d’un ou de plusieurs cycles, pour obtenir
un rapport prédéterminé d’une concentration de dopants électriquement actifs sur une concentration de dopants
globale.

2. Procédé selon la revendication 1, dans lequel chaque cycle du chauffage et du refroidissement est réalisé selon
un profil de température prédéterminé, spécifiant une température moyenne de l’élément micro-usiné mobile en
fonction du temps.

3. Procédé selon la revendication 1 ou 2, dans lequel chaque cycle respectif du chauffage et du refroidissement
comprend l’application d’une impulsion de puissance de chauffage via la structure mécanique, l’impulsion ayant
une durée entre 0,1 milliseconde et 100 millisecondes, pour obtenir le rapport prédéterminé.

4. Procédé selon l’une quelconque des revendications précédentes 1 à 3, dans lequel le dispositif MEMS est exécuté
en tant que partie d’un circuit d’oscillateur et l’élément micro-usiné mobile (100, 301) comprend un résonateur MEMS.

5. Procédé selon l’une quelconque des revendications précédentes, comprenant en outre la fourniture du dispositif
MEMS avec une structure d’encapsulage qui forme une cavité sous vide dans laquelle l’élément micro-usiné mobile
(100, 301) et au moins une partie de la structure mécanique sont disposés.

6. Procédé selon l’une quelconque des revendications précédentes, dans lequel la structure mécanique comprend
une attache pliée.

7. Procédé selon l’une quelconque des revendications précédentes, dans lequel l’étape de formation de la structure
mécanique comprend en outre la fourniture d’une isolation thermique et d’une résistivité électrique suffisantes pour
permettre le chauffage de l’élément micro-usiné mobile (100, 301) à une température d’au moins 700 degrés Celsius
lorsqu’un courant de chauffage par effet Joule est transmis par conduction via le chemin de conduction.

8. Procédé selon l’une quelconque des revendications précédentes, dans lequel l’étape de formation de la structure
mécanique comprend en outre une électrode couplée en série au chemin de conduction et faisant partie de ce
dernier, l’électrode étant façonnée pour inclure une région résistive avec une résistance suffisante pour chauffer
l’élément micro-usiné mobile (100, 301) à la température d’au moins 300 degrés Celsius lorsqu’un courant est
transmis par conduction à travers le chemin de conduction.
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9. Procédé selon la revendication 8, dans lequel l’électrode comprend du silicium polycristallin dopé de manière dé-
générée.

10. Procédé selon la revendication 8, dans lequel l’électrode comprend du silicium monocristallin dopé de manière
dégénérée.

11. Procédé selon la revendication 8, dans lequel la région résistive comprend une caractéristique de passage de
l’électrode qui s’étend entre et couple électriquement des première et seconde régions d’extrémité de l’électrode,
la caractéristique de passage ayant une zone de section transversale sensiblement plus petite que l’une ou l’autre
des première et seconde régions d’extrémité et étant couplée en série aux première et seconde régions d’extrémité
à l’intérieur du chemin de conduction.

12. Procédé selon l’une quelconque des revendications précédentes, dans lequel le semi-conducteur dopé de manière
dégénérée est formé par du silicium dopé de manière dégénérée.
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