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Abstract

This paper presents a passive temperature compensation technique that can provide full
cancellation of the linear temperature coefficient of frequency (TCF;) in silicon
resonators. A uniformly distributed matrix of silicon dioxide pillars is embedded inside
the silicon substrate to form a homogenous composite silicon oxide platform (SilOx) with
nearly perfect temperature-compensated stiffness moduli. This composite platform
enables the implementation of temperature-stable microresonators operating in any
desired in- and out-of-plane resonance modes. Full compensation of TCF; is achieved for
extensional and shear modes of SilOx resonators resulting in a quadratic temperature
characteristic with an overall frequency drift as low as 83 ppm over the industrial
temperature range (—40 °C to 80 °C). Besides a 40 times reduction in temperature-
induced frequency drift in this range, SilOx resonators exhibit improved temperature
stability of Q compared with their single crystal silicon counterparts.
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Abstract—This paper presents a passive temperature com-
pensation technique that can provide full cancellation of the
linear temperature coefficient of frequency (TCFp) in silicon
resonators. A uniformly distributed matrix of silicon dioxide
pillars is embedded inside the silicon substrate to form a
homogenous composite silicon oxide platform (SilOx) with nearly
perfect temperature-compensated stiffness moduli. This compos-
ite platform enables the implementation of temperature-stable
microresonators operating in any desired in- and out-of-plane
resonance modes. Full compensation of TCF; is achieved for
extensional and shear modes of SilOx resonators resulting in a
quadratic temperature characteristic with an overall frequency
drift as low as 83 ppm over the industrial temperature range
(—40 °C to 80 °C). Besides a 40 times reduction in temperature-
induced frequency drift in this range, SilOx resonators exhibit
improved temperature stability of Q compared with their single
crystal silicon counterparts.

Index Terms— High quality factor, homogenous composite, low
insertion loss, silicon dioxide pillar matrix, silicon oxide (SilOx),
temperature coefficient of frequency (TCF), temperature com-
pensated crystal oscillator (TCXO), temperature compensation.

I. INTRODUCTION

ILICON resonators have gained an increasing interest
S for timing and frequency reference applications [1]. The
ability to offer low impedances at high frequencies and the
high intrinsic quality factor (Q) of silicon [2] makes such
resonators very attractive for low phase noise high frequency
reference oscillators. However, the main drawback of silicon
resonators is their relatively high temperature coefficient of
frequency (TCF), which results in a large temperature-induced
frequency drift. Various active [3]-[7] and passive [8]-[16]
temperature compensation techniques were proposed for
microelectromechanical (MEMS) resonators. Although active
compensation techniques provide real-time frequency control
with high precision, they increase power consumption and
introduce undesired noise and complexity into the system. On
the other hand, full or partial compensation of the large linear
TCF of silicon resonators by means of conventional passive
techniques was only achieved in thin flexural and extensional
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resonators [8], [9] and specific bulk acoustic wave resonance
modes in certain crystallographic orientations [10], [16].

In this paper, we present a novel passive temperature com-
pensation technique that can realize silicon-based composite
platforms with temperature-compensated acoustic properties,
for implementation of temperature-stable devices oriented in
arbitrary crystallographic directions, and operating in any in-
and out-of-plane resonance modes. Using this technique, full
compensation of the large linear TCF is achieved simultane-
ously for several resonance modes of microresonators without
degradation of other important performance metrics such as
Q and insertion loss (IL).

II. S1O; TEMPERATURE COMPENSATION IN RESONATORS

The temperature sensitivity of the resonance frequency
(fres) of a resonator can be defined using its temperature
coefficients:

o0
fres (T) = fo - D TCF, - (T — Tp)" (1)
n=0
where fj is the resonance frequency at an arbitrary operating
temperature T, and TCF,, is the nth order TCF.

1 d"fr
nlfo oT"

The finite TCF; of the resonance modes excited in a micro-
mechanical resonator is a result of temperature sensitivity
of the resonator dimensions as well as of several material
properties such as its elastic moduli (4), Poisson’s ratio (v),
and mass density (p). For the case of in-plane bulk acoustic
resonance modes of an infinitely long (L — oo) and thin/thick
(H — 0 or 00) acoustic waveguide of width W, the resonance
frequency of the nth width extensional (WE) and width shear
(WS) bulk modes are given by

Sres = ZLV Alp

w

where 4 is the effective elastic modulus—either Young’s (E)
or shear modulus (G)—of the resonator material in the wave
propagation direction. It follows from (3) that for the bulk
acoustic modes, TCF; is related to the intrinsic material
properties by

TCF, = 2)

IT=1,-

3)

1
Jres = E(TC/Ii + CTEi) “4)
where TCMA;(= 1/ildo (0'A1)/ (0T Ir=1,)) is the
temperature coefficient of the elastic modulus and
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CTE;/(= 1/i'Wy - (8'Wr)/(@T'|r=1,)) is the coefficient
of thermal expansion of the material.

Unlike quartz crystal resonators [17], the temperature-
induced frequency drift of the MEMS resonators is mainly
determined by their linear temperature coefficient (TCF; =
(TCAy + CTE})/2) over the temperature range of interest.
In native single crystal silicon (SCS), TCA; ranges between
—47 and —63 ppm/°C depending on the resonance particle
polarization and mode of operation (shear or extensional). This
variation is a result of dissimilar temperature characteristics
of different stiffness coefficients of silicon. Considering the
relatively small CTE; of silicon (~2.6 ppm/°C), the large
value of TCA; is mainly responsible for the TCF; of sili-
con bulk acoustic resonators, which typically ranges between
—22 and —30 ppm/°C.

Although the TCF of bulk acoustic modes in infinitely long
and thin waveguides can be related to the intrinsic material
properties through (4), a similarly simple relationship does not
exist for all the resonance modes excited in micromechanical
structures with finite dimensions. This is due to the fact that
the resonance frequency of these modes cannot be related to
the material properties and resonators dimensions through a
simple closed-form expression; and unlike bulk modes, all
different independent elastic constants (E, G, and v) may
contribute effectively in defining the resonance frequency.
Hence, a passive compensation technique should provide full
temperature compensation for all independent elastic constants
to be effective for all resonance modes. In micromechanical
resonators implemented in native SCS, the large negative TCA
can be compensated by the addition of a material with positive
TCA1 such as silicon dioxide (Si0), thus forming a composite
Si/Si0; structure. The degree of temperature compensation of
TCA1 depends on both the amount and the configuration of
Si0; distribution relative to Si in the composite structure.

A. Surface Oxide Compensation

The compensating SiO; can be added in the form of layers
covering the surfaces of a silicon resonator; we refer to
this method as surface oxide compensation. In this case, the
resonant structure is composed of several layers of different
materials stacked in certain directions. They include one or
more compensation layers and possibly a piezoelectric electro-
mechanical transducer sandwiched between metallic electrodes
[aluminum nitride (AIN) and molybdenum (Mo) layers in
Fig. 1(a)]. The overall TCF; of such a composite resonator
with surface SiO, compensation operating in WE or WS bulk
acoustic modes can be estimated as follows:

(%)

1 T;
TCF, ~ 5 Z T—(TC/IU + CTEy,;)

res

where TCA ;, CTE;;, and T; are the temperature coefficient
of the elastic modulus, the linear coefficient of thermal expan-
sion, and the thickness of the ith layer, respectively, and Ties
is the overall thickness of the stack. Since the SiO; layer is
placed in parallel with a silicon layer with a much larger elastic
modulus, it follows from (5) that surface SiO> compensation
becomes less efficient as the relative thickness of silicon in
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(a) (b)

Fig. 1. Silicon resonators with piezoelectric transduction (a) with surface
oxide compensation and (b) with bulk oxide compensation.

the stack increases. Furthermore, since this technique provides
only one degree of freedom, i.e., the thickness of the SiO»
layer, the compensation effect on various elastic constants and
hence different resonance modes differs considerably.

B. Bulk Oxide Compensation

To increase the relative contribution of SiO, in TCA; of a
composite Si/SiO; structure, the compensating SiO; can be
embedded in the bulk of the silicon resonant structure: this is
referred to as bulk oxide compensation. In this technique, a
matrix of SiOy pillars with a desirable pattern is distributed
inside the body of a silicon resonator to form a silicon oxide
(SilOx) composite resonator [18]. In this manner, since the
additional SiO, can be embedded in series with silicon in the
path of in-plane propagating acoustic waves, full compensa-
tion of the large TCFifor different resonance modes can be
achieved by adding a minimum amount of SiO;. This makes
bulk compensation fully compatible with the limitations of
standard microfabrication processes.

Furthermore, this technique is scalable with resonator
thickness and can be applied even to thick resonant
structures. Last, but not least, the in-plane lateral dimensions
of the SiO, pillars as well as the pattern and density of
their distribution in the matrix can be exploited as additional
degrees of freedom to simultaneously compensate multiple
resonance modes through the compensation of corresponding
elastic constants in desired orientation.

III. RESONATOR DESIGN
A. SilOx Platforms With Bulk Oxide Compensation

In micromechanical resonators, each resonance mode can be
interpreted as a superposition/interaction of longitudinal and
shear quasi-plane waves propagating in arbitrary directions and
reflecting back from the stress-free boundaries of the structure.
Therefore, the distribution of the SiO; pillars in the Si sub-
strate should be designed so as to: 1) facilitate the propagation
of the acoustic waves corresponding to the desired modes of
operation without destructive dispersion and 2) provide ade-
quate distribution in regions with high acoustic energy density.

Thus, to provide temperature compensation for desirably
all resonance modes, a proper matrix of pillars should be as
uniform as possible, forming a nearly homogenous SilOx com-
posite structure with temperature-compensated elastic mod-
uli. Such a homogenous platform is called a SilOx matrix
hereafter. A rectangular SilOx resonator oriented in (110)
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Fig. 2.
density of a rectangular SilOx resonator for its WE{, WSy, and LE| modes.

crystalline direction of silicon is shown in Fig. 2(a). The
displacement and mechanical energy density fields for WEj,
WSi, and length-extensional (LE;) modes of the rectangular
parallelepiped SilOx structure of Fig. 2(a) are shown in
Fig. 2(b). Considering the uniform distribution of SiO» pillars,
the composite resonator shown in Fig. 2 can be regarded
as an array of SilOx units [Fig. 2(a)]. For the purpose of
approximate analytical modeling, these units can be replaced
by an equivalent cell with similar dimensions but made of a
homogeneous material. Then, the equivalent elastic modulus
(Asilox) and mass density (psijox) can be estimated as a
function of Rj, the volumetric ratio of SiO; in the SilOx unit
cell with square cross-section (Ry = Vsio,/ Veell = b1 - b2 /az)
and R», the in-plane aspect ratio of SiO, pillars (R = b1/b»).
Using these equivalent values in (4), Ry and R» can be
calculated to achieve full compensation of TCA; (A = E
and G) for the composite SilOx platform in desired crystalline
orientation of silicon. These approximate values of R; and
R are then taken as the starting point for ANSYS numerical
simulations which are used to refine first cut designs derived
from the analytical model. Lateral (in-plane) SiO; pillars
dimensions as well as their distribution density in silicon
substrate are optimized to minimize the overall frequency drift
for different modes of extensional and shear types [Fig. 2(b)],
over the temperature range of interest. Only a few iterations
of this procedure are needed to generate resonator designs that
minimized the resonance frequency drift over the temperature
range of interest. The simulated temperature characteristic
of the WE; and WS modes for a temperature-compensated
SilOx resonator is shown in Fig. 3. Full cancellation of
TCF; results in a quadratic temperature characteristic of the
resonance frequency. Therefore, the overall frequency drift
over the temperature range of interest can be minimized by
locating the temperature characteristic turnover point at the
center of the temperature range of interest (20 °C).

IV. FABRICATION

The SiO» pillar matrix is formed by etching square-shaped
trenches inside the device layer of a silicon-on-insulator wafer.
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(a) Rectangular SilOx resonator. @ and by are SilOx unit and SiO; pillar lateral dimensions, respectively. (b) Displacement and mechanical energy
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Fig. 3. Simulated temperature characteristic of a TCF; compensated SilOx
resonator operating in WE; and WS; modes.
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Fig. 4. Summarized fabrication process flow of the SilOx resonator.

These trenches are then filled by multiple deposition and
etching steps of low-pressure chemical vapor deposition SiO».
An additional thin layer of SiO; is left on the surface of the
SilOx structure to provide smooth surfaces required for the
deposition of a high-quality AIN film. The rest of the process
is similar to the one described in [12] and is summarized in
Fig. 4.

The SEM images of a fabricated SilOx resonator with AIN
piezoelectric signal transduction are shown in Fig. 5. The SiO;
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Fig. 5. (a) Temperature-stable AIN-on-SilOx resonator. (b) SiO, pillars
extruding from the resonator sidewall.

pillars are made visible by purposely over-etching the silicon
body of the resonator from a backside release opening.

V. MEASUREMENT

Any SilOx resonator may possess multiple resonance modes
in the vicinity of the desired temperature-compensated modes,
some of which may be under-/over-compensated over the
temperature range of interest or have a turnover point of tem-
perature characteristic in undesirably lower high temperatures.
In frequency reference applications [19], the oscillator may
lock into any of the excited modes in the operation band
of the trans-impedance amplifier. Therefore, proper design
of the electromechanical transducer is essential to excite the
resonance modes of interest, while suppressing undesired
spurious modes situated in a relatively wide frequency span
around it. In this paper, AIN piezoelectric transduction is
used since mode selection and suppression can be easily
done by proper patterning of the metallic electrodes. Fur-
thermore, since this transduction scheme does not require
a dc polarization voltage for operation, it is intrinsically
immune to dielectric charging effect which may induce
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Fig. 6. Large-span frequency response of a SilOx resonator with proper
electrode configuration to excite three modes in the measured span.
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Fig. 7. Frequency response of a SilOx resonator with proper AIN transducer
designed for effective excitation of WE; mode, resulting in a spurious-free
10-MHz span around the temperature-compensated resonance mode.

frequency fluctuations over time in capacitive resonators with
surface SiO» compensation [20].

The frequency response of a rectangular SilOx resonator
with an electrode design resulting in excitation of all first WE
and LE, as well as WS modes, in a 10-MHz frequency span
is shown in Fig. 6.

The frequency response of a 26.3-MHz SilOx resonator with
proper electrode configuration for excitation of the first WE
mode in a spurious-free 10-MHz span [Fig. 5(a)] is shown in
Fig. 7. The IL of the WE; resonance mode is >50 dB higher
than the noise floor, thus facilitating the implementation of
MEMS oscillators [19] without any concern about locking to
an undesired mode.

A. Resonator Performance Characterization

Two-port SilOx resonators are tested in a temperature-
controlled environmental chamber. A vector network
analyzer in two-port configuration is used to measure the
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span around its WE resonance mode, measured in air.

frequency response of the devices as well as their temperature
characteristics.

The frequency response of the SilOx resonator in a 100-kHz
frequency span around the WE; resonance mode is shown in
Fig. 8. A high Q of ~10 000 is measured at 26.3 MHz in air
with an IL of —22.35 dB.

B. Temperature Characterization

The temperature characteristics of the SilOx resonators are
measured over the range of —40 °C to 80 °C and compared
with their SCS counterparts implemented in the same batch.
The temperature characteristic of the resonance frequency for
WE/, WS, and LE; modes of SCS and SilOx resonators with
similar dimensions and electrode configuration is shown in
Fig. 9.

The difference between TCF; of different modes in the SCS
device is due to the difference in the temperature coefficients
of the stiffness constants of silicon [21]. In the case of SilOx
resonator, the TCF; compensation is achieved for several in-
plane resonance modes of a single device. Frequency drifts as
small as 83 ppm are measured for WE| mode over the entire
temperature range of —40 °C to 80 °C. This corresponds to a
40 times improvement in the overall frequency drift compared
with a noncompensated silicon resonator. Furthermore, the
quadratic temperature characteristic achieved by cancellation
of TCF; possesses a turnover point between 20 °C and
25 °C with a zero TCFj. This is very close to the turnover
point of the simulated temperature characteristic (20 °C),
which guarantees the minimum overall frequency drift over
the temperature range of —40 °C to 80 °C.

However, higher turnover temperatures may be required for
oven-controlled crystal oscillator applications since they need
to operate at a constant temperature exceeding the operational
temperature range of interest (typically 90 °C). This can
be achieved lithographically by a slight modification of the
volumetric ratio of oxide in SilOx unit (R;) to locate the
turnover point at a higher temperature [Fig. 10].

SilOx temperature-compensated resonators exhibit robust
QO over the entire temperature range. Fig. 11 compares the
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Fig. 9. Measured temperature characteristic of the resonance frequency of
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electrode configuration used for excitation of all modes is shown as well.
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Fig. 10. Measured temperature characteristic of the WE| resonance frequency
for three SilOx resonators with different volumetric ratio of SiO; in SilOx
unit (R1). Turnover temperature tailoring is realized by slight modification
of Rj.

QO temperature characteristic of the SilOx resonator of Fig. 8
with its SCS counterpart with similar dimension and trans-
ducer configuration.

Besides providing high performance temperature-
compensated in-plane WE, LE, and WS modes, SilOx
platforms can be optimized to provide temperature-
compensated thickness modes with high quality factors. The
large-span frequency response of a rectangular SilOx resonator
is shown in Fig. 12. The resonance frequencies and measured
Q values of three in- and out-of-plane extensional modes are
shown in [Fig. 12(a)], while their temperature characteristics
of resonance frequency are compared in [Fig. 12(b)].

Unlike in-plane extensional and shear modes, where
the resonance frequency can be defined lithographically



TABRIZIAN et al.: TEMPERATURE-STABLE SilOx MICROMECHANICAL RESONATORS

14000

13000 | SilOx

wf

R
8
(S

SCS
11000

10000

Quality Factor

9000

8000 R . i i i i .
-60 -40 -20 0 20 40 60 80 100
Temperature (°C)
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Fig. 12. (a) Large-span frequency response of a rectangular SilOx resonator.
(b) Temperature characteristic of resonance frequency for WE{ 3 and TE;
modes.

and is independent of resonator thickness, the resonance
frequency of the thickness-extensional (TE) mode is mainly
defined by the thickness of the structure as well as the
distribution density of SiO, pillars. Hence, by selecting
appropriate thicknesses, SilOx resonators can be implemented
to provide two high-Q temperature-compensated modes with
independent resonance frequencies and orthogonal particle
displacement. This can potentially cut the manufacturing cost
of MEMS temperature-stable oscillators into half, since a
single device can be used as a frequency reference at two
substantially different and independent frequencies.
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Fig. 13. Long-term stability of the resonance frequency for a temperature-
stable SilOx resonator operating in WE; mode at 100 °C; burn-in period as
well as stabilized range of operation are indicated.

C. Stability

To measure the resonance frequency stability of SilOx
resonators, a number of devices are mounted on boards using
a small piece of copper tape and wire bonded to subminiature
(SMA) connector pads. Both long-term stability and short-
term hysteresis measurements are performed by placing the
mounted test boards under a ~100-utorr vacuum inside a
temperature-controlled environmental chamber. This is done
to eliminate any possible environmental source of frequency
and Q perturbation. The temperature accuracy of the environ-
mental chamber is £1 °C.

The long-term stability of the resonance frequency for
a temperature-stable SilOx resonator is shown in Fig. 13.
An elevated temperature of 100 °C is used to accelerate aging
processes requiring thermal activation energy.

A burn-in drift of 7.1 ppm over a period of ~10 days is
observed in these resonators prior to frequency stabilization.
This burn-in drift is comparable with that of quartz crystal
resonators [22] and can be attributed to the large effective
surface between Si and SiOp in SilOx resonators, which
can aggravate the stress induced due to CTE mismatch at
the interface of SiO, pillars and SCS. After the burn-in
period, a frequency fluctuation of 1.2 ppm is observed.
Considering the local TCF; of —3 ppm/°C at 100 °C (i.e.
1/ fo-0fo/0T|r=100oc = —3 ppm/°C) for the SilOx resonator
beside temperature accuracy of the measurement unit, this
variation can be attributed to temperature instabilities of envi-
ronmental chamber and the resolution of temperature sensor.

Besides long-term stability, short-term hysteresis measure-
ment is also performed on SilOx resonators to study the effect
of rapid environmental temperature changes. Since SilOx com-
posite resonators with AIN signal transduction are composed
of different materials with various CTEs, rapid temperature
variations may induce axial stresses, resulting in frequency
drifts or even cracks in the device [23].

Hysteresis characterization is done by applying temperature
cycles to the resonator and monitoring its resonance frequency
and Q. For this purpose, the temperature is rapidly ramped
down from 120 °C to —40 °C and then ramped up back to
120 °C. A temperature stabilization time of 1 h is considered
between consecutive temperature changes prior to frequency
and Q measurements. The measurement results for short-
term hysteresis characterization after 22 cycles for resonance
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Fig. 14. Hysteresis characteristics of (a) resonance frequency and (b) Q of a
SilOx resonator operating in WE; mode. The resonance frequency and Q of
the device are measured after upward and downward halves of 22 consecutive
wide temperature cycles between —40 °C and 120 °C, to evaluate performance
stability under rapid temperature fluctuations. Each measurement takes place
after holding for 1 h to reach thermal equilibrium.

frequency and Q are shown in Fig. 14. The stabilization
behavior observed in the hysteresis characteristic of the res-
onance frequency is similar to the long-term stabilization at
the elevated temperature (Fig. 13). The stabilization period
is, however, considerably reduced in response to the rapid
temperature cycling. This can be attributed to the higher
efficiency of stress-release and thermo-mechanical processes
in the resonator for the temperature cycling case. Overall
frequency fluctuations of 1.6 and 3.2 ppm are measured,
respectively, for 120 °C and —40 °C temperature points of
the cycles in the stabilized period, while the Q remains stable
after a slight increase over the stabilization period. The small
frequency fluctuations can be attributed to the nonzero local
TCF; of the measured device at two different temperatures
and £1 °C temperature accuracy of the chamber.

VI. CONCLUSION

This paper presented a new passive temperature compen-
sation technique for silicon resonators. SiO; pillars were
embedded by filling a matrix of uniformly distributed trenches
etched in SCS to form SilOx composite homogenous platform.
The distribution and in-plane dimensions of SiO; pillars in
the matrix can be designed to provide nearly full temperature
compensation for different/independent elastic moduli of inter-
est. Analytical and numerical analyses were used to design
for proper dimension and distribution of pillars to facilitate
the excitation of desired resonance modes with compensated
TCFj. Resonators implemented in SilOx platforms did not

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 60, NO. 8, AUGUST 2013

show any degradation in Q and IL. compared with their
SCS counterparts. TCF; compensation of multiple in- and
out-of-plane modes (i.e., WE1 3, WSy, LE;, and TE; modes)
of a rectangular SilOx microresonator was demonstrated.
Overall frequency drifts as small as 83 ppm were measured
over the temperature range of —40 °C to +80 °C. Such
high-performance temperature-compensated devices were well
suited for temperature-stable frequency reference applications,
where the requirement of high Q and large power handling
made thick silicon-based microresonators desirable.
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