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Abstract

Most modern electronic devices use frequency references based on quartz crystal res-
onators. The difficulty of miniaturizing the current quartz crystal resonator packaging
technology provides an opportunity for wafer-scale packaged micromachined silicon
resonators to displace quartz resonators in the frequency reference market. However,
the higher temperature sensitivity of silicon’s material properties results in higher
frequency variation and limits the ability of silicon resonators to compete with quartz
crystal resonators in ultra-high precision applications.

This work describes the design, fabrication, and testing of composite resonators
made of single-crystal silicon with a silicon dioxide coating. These composite res-
onators have a temperature sensitivity of less than 4% that of silicon resonators,
which makes them comparable to quartz crystal resonators. Single-anchor, flexural-
mode, double-ended tuning fork and ring resonators were designed in the frequency
range of 700 kHz to 1.3 MHz. The minimum achieved frequency variation is 200 parts
per million over a -55 C to 125 C temperature range. The frequency-temperature be-
havior of the resonator exhibits quadratic temperature dependence with a quadratic
temperature coefficient of frequency of approximately -20 parts per billion per C?
and a turnover temperature at which the linear temperature coeflicient of frequency
is zero. This turnover temperature can be designed to be at the desired operating tem-
perature, which is attractive for integration with active temperature compensation
methods.

The resonators were packaged using a modified wafer-scale encapsulation tech-

nology described by Candler et al. in Journal of Microelectromechanical Systems in

v



2006. The MEMS-first, CMOS-compatible, packaging process yields composite res-
onators which are hermetically sealed in a low pressure environment, exhibit quality
factors of 10,000 to 30,000, and have sub-mm? volume. In conjunction with active
temperature compensation schemes, this technology enables silicon-based frequency

references to meet the needs of high-precision applications at a reduced size.
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Chapter 1

Resonators

and Frequency References

The knowledge and tracking of the passage of time is fundamental to the processes
and systems that occur in everyday life. A time measurement device has long been
sought to subdivide natural periodic events into smaller time segments. Modern elec-
tronic devices also require a timekeeping device to operate - a rhythm by which to
coordinate its actions. Unlike the ancient systems of timekeeping, such as sundi-
als or pendulums, electronic devices require an electronic periodic signal by which
to operate. This rhythm is typically expressed as a periodic voltage signal. A de-
vice that provides this continuous signal is called a frequency reference. Frequency
references are essential to most electronic devices we use: clocks, microwaves, cell
phones, computers, thermostats, televisions, alarm systems, automobiles, and many
other consumer, industrial, and military devices.

There are several ways to make an electronic frequency reference. One of the
most common ways is to use a mechano-electro-transduction device that converts
mechanical vibration into a periodic electrical signal. A resonator is a mechanical
device that vibrates at some characteristic frequency. It can be made out of different
materials and can have different form factors. The archetypal example of a resonator
is a musician’s tuning fork which vibrates at a known frequency corresponding to a

note with a particular pitch. A tuning fork that is made from a quartz crystal is one of
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Quartz Crystal
Tuning Fork

>» time

frequency = —%

Displacement

Figure 1.1: Wristwatches use a quartz crystal tuning fork as a frequency reference.
The tuning fork is packaged in a metal can to protect it from environmental contam-
inants. (Bottom) Components of a Swisstime watch [84]. (Top Left) Quartz crystal
tuning fork outside of package [66]. (Top Right) Decaying vibration of tuning fork
when not part of an oscillator.

the most commonly used frequency references in modern electronics (see Figure 1.1).
Crystalline quartz is a piezoelectric material whose vibration results in the generation
of a periodic electric potential across the crystal.

Due to energy losses, the vibration of the resonator decays with time (Figure
1.1). To avoid this, the resonator is designed as part of a larger system known as an
oscillator. The function of the oscillator is to continuously maintain the vibration of
the resonator. If the frequency of the resonator is known and the number of cycles is

counted then through a simple relationship the passage of time can be calculated:
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Time = ___#cycles (1.1)
frequency

An oscillator that produces a stable frequency output can be used as a frequency
reference. Frequency stability is generally described in parts per million (ppm). A
1000 ppm variation is equivalent to a 0.1% change in the frequency. As a rough
order of magnitude, if a clock’s frequency drifts by 1000 ppm in a day, this would
result in almost a 1.5 minute error. Since the frequency of the resonator is sensitive
to temperature changes, to be applicable for consumer electronics applications, the
stability of the resonator must be below 200 ppm over approximately a 0 °C to 70
°C temperature range. To be useful for many military or industrial applications, it is
necessary for the stability to be better than 2 ppm over an even larger temperature
range [90, 89].

Great technological advances are possible with the development of high stability
frequency references that are very small in size (< 1 mm?) and have low power con-
sumption, especially in portable electronics applications [69]. Silicon micro-machining
techniques have been developed to produce exceptionally small mechanical structures,
on the order of fractions to hundreds of micrometers (1 x 107% m) [74, 38]. For this
reason, MEMS researchers have been interested in using silicon micromachining to
make silicon resonators as frequency references. Replacing the quartz crystal with
silicon as the resonator material provides a unique opportunity for an integrated

semiconductor and frequency reference solution.

1.1 Quartz Crystal Resonators

There were approximately 10 billion quartz crystal resonators sold in 2007 - a $3.2
billion market [14]. From ubiquitous and inexpensive consumer electronics applica-
tions, such as USB sticks and wrist watches, to high value military and industrial
systems, such as satellites, the quartz crystal provides an oscillating signal that acts
as a timing pulse for integrated circuits. Approximately 80% of modern electronic

devices have two systems: a silicon integrated circuit providing the functionality of
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the device and a quartz crystal frequency reference that provides the circuit with a
timing signal [14].
Frequency references based on crystalline quartz have become a dominant tech-

nology for several reasons [90, 89]:

1. The quartz crystal is a piezoelectric material that couples the mechanical and
electrical domains. As the quartz crystal vibrates, the strain in the crystal
results in the formation of an electric field across the crystal, making quartz
crystals a natural choice for a frequency reference. Metal electrodes are typically

deposited on the surface of the crystal to transmit the oscillating voltage.

2. When operating in a low pressure environment, the quartz crystal minimally

dissipates vibrational energy.

3. In the mid-20"" century it was discovered that the vibration of particular cuts
of the quartz crystal had opposing temperature coefficients of stiffness [31].
Certain cuts had negative temperature coeflicients while other orientations had
positive temperature coefficients (see Table 1.1). By optimizing the orientation
of the cut through the quartz crystal, temperature insensitive cuts that had less

than 200ppm variation over a -55 °C to 125 °C range, were discovered.

4. Great care was taken to properly package the quartz crystal resonator to re-
duce the “aging” phenomenon. Aging is described by the International Radio
Consultative Committee as “systematic changes in frequency with time due to
internal changes.” Aging could be due to contamination within the package or
stress changes due to the electrodes or leads connected to the resonator. To
minimize aging, quartz crystals are hermetically packaged in a vacuum sealed

metal can (see Figure 1.1).

Electronic circuit compensation is used to further improve the temperature-
frequency stability. The temperature-compensated crystal oscillator (TCXO) uses
a thermistor network and a varactor that is put in series with the crystal. The sys-

tem is calibrated such that the varactor has a temperature dependence trend that
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Elastic Temperature
Constants (GPa) || Coefficients (ppm/°C)
C11 86 TCCH -46.5
C19 5.1 chlg -3300
C13 10.5 TCClg -700
C14 18.3 TCCM -900
C33 107 TCng -205
Cq4 59 TC Cq4 -166
Ce6 41 TCC()G + 164

Table 1.1: Elastic Properties of Quartz Crystals. The anisotropic stiffness constants
and the temperature coefficients (TC) of the stiffness constants are given. (Left)
Image of a quartz crystal with the popular AT-Cut. [8, 67]

is opposite of the quartz crystal. The resulting output signal is compensated to less
than 10 ppm. To achieve better than 0.1 ppm stability, the oven-controlled crys-
tal oscillator (OCXO) was developed. This bulky system combines the resonator
with a temperature sensor and heater. The heater maintains the temperature of the
resonator and driving circuits at a constant elevated temperature, regardless of the
ambient temperature. This system can consume several Watts of power and can be
several centimeters along each dimension.

One of the main sources of error in the TCXO and the OCXO systems is imprecise
thermometry due to the physical separation between the resonator and temperature
sensor or temperature sensitive circuit. One of the most recent developments in
improving the temperature-frequency stability makes use of the different tempera-
ture dependencies of different modes within a single quartz crystal resonator. The
different temperature dependencies allows the formation of a beat frequency with
a high temperature sensitivity. The beat frequency is used as the resonator’s self-
temperature sensor. In the microcomputer-compensated crystal oscillator (MCXO),
the micro-controller makes use of the beat frequency to generate a digitally compen-
sated frequency [91].

Over the last couple decades, advances in silicon processing have allowed silicon

circuits to shrink exponentially. These advancements have to a large extent stemmed
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from improved lithography allowing for finer features and thus reduced transistor
size. Quartz crystals have also realized moderate levels of size reduction. Next gener-
ation crystal oscillators will achieve volumes of less than 1.5mm?3 [28]. However, the
packaging of quartz crystals will become the major barrier to further size reduction
without a paradigm shift in the fabrication and packaging of the resonators. Today,
quartz crystals continue to be packaged in metal cans, requiring careful insertion
of the quartz crystals, attachment to electrical leads, and hermetic sealing. Since
quartz can not be integrated into semiconductor processing, the dual semiconductor
- quartz oscillator systems will persist. A fundamental change can occur only by

making resonators that are compatible with semiconductor processing.

1.2 Silicon MEMS Resonators

There are several attributes that allow silicon resonators to compete with and outper-
form quartz crystal resonators. Using micromachining techniques, silicon resonators
can be batch fabricated in small form factors allowing large volume manufacturing.
Tens of thousands of resonators can be made on a single 8” wafer. This allows silicon
resonators to be cost competitive with quartz resonators. However, the major break-
throughs that will put silicon resonators one step ahead of quartz crystals come from
advances in wafer-scale and wafer-level packaging of the resonators. Using thin-film
encapsulation [50, 22] and wafer-bonding techniques [46], researchers have shown that
these batch packaging methods have yielded hermetically sealed parts with improved
aging characteristics - within 3 ppm/year. If thin-film encapsulation is used, the
footprint of the package remains at the size of the device. This allows unprecedented
reduction in the size of a hermetically sealed resonator. Kim et al. [50] and Candler
et al. [22] showed hermetically sealed devices with a volume of less than 1 mm? that
have the potential to be reduced even further. It is essential that high integrity pack-
aging methods yield silicon resonators with aging characteristics on par or better than
quartz crystal resonators. Inexpensive quartz crystal oscillators age approximately
5-10 ppm/year [87].

In making CMOS-integrated silicon resonators, a debate is ongoing as to whether
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the manufacturing flow should be “MEMS-first” or “MEMS-last”. In the “MEMS-
last” technique, the CMOS circuits are fabricated first, ensuring that pristine single-
crystal-wafers are used in tightly process controlled semiconductor foundries [45]. The
MEMS is then fabricated through a series of deposition and etching steps. Although
this method guarantees the integrity of the CMOS-circuits, it limits the thermal
budget of subsequent MEMS processing to under 450 °C or lower, due to the melting
temperature of certain materials. This limitation results in using polycrystalline
or amorphous materials for the MEMS structure and limits the packaging to low-
temperature methods such as wafer-bonding. The use of wafer-bonding packaging
increases the footprint of the package and calls into question the ability to be size-
competitive with subsequent generations of quartz crystal resonators. In the “MEMS-
first” approach, the resonators can be built from single-crystal silicon wafers and could
be subjected to high temperature (> 1000 °C), low-pressure packaging processes that
results in exceptionally clean, hermetic packaging. “MEMS-first” processes are under
scrutiny by CMOS-foundries due to the difficulty of ensuring CMOS-integrity on pre-
processed wafers. However, in 2008, Taiwan Semiconductor Manufacturing Co Ltd
(TSMC), one of the largest CMOS foundries, began opening the door for MEMS
development in their foundries [65].

Kim [50] and Candler [22] addressed the problem of silicon resonator aging by
developing high-integrity hermetic packaging, “epi-seal”, of pristine single-crystal sil-
icon resonators. The devices showed no sign of surface contamination or fatigue
at room temperature operation. The package proved permeable only to small gas
molecules, such as hydrogen and helium, and only at higher temperatures (100 °C)
[49]. However, aging is just a part of the total drift that a resonator can exhibit.
Environmental effects, such as frequency changes due to temperature, can limit the
usability of the device. Unlike quartz crystals, there is no orientation of the silicon
crystal that results in temperature-insensitive resonators. Over -55 °C to 125 °C, the
silicon resonator exhibits a more than 5000 ppm frequency variation - an order of
magnitude greater than quartz crystal resonators.

MEMS researchers have employed electronic based compensation techniques, sim-

ilar to those described in section 1.1 on quartz crystal resonators, and have achieved
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higher levels of temperature-frequency stability. Some of these techniques will be de-
scribed in later sections. In a laboratory setting, it was shown that the temperature
of the silicon resonator can be maintained to within 4+ 0.1 ppm in an oven controlled
scheme [36]. However, none of the schemes have successfully achieved OCXO levels
of temperature stability due to the very high temperature-sensitivity of silicon.

In the following sections, a foundation is established for analyzing the frequency
and temperature dependence of a silicon resonator. Methods for temperature compen-
sation are described and a way forward is paved for developing silicon-based resonators

that have inherent frequency stability comparable to quartz crystal resonators.

1.2.1 Electrostatically Actuated Resonators

One of the straightforward ways to create a mechano-electro-transduction silicon res-
onator is to use electrostatic actuation and sensing. An electrostatic transduction
system contains the moving element that is separated by an initial electrostatic gap,
g, from a series of stationary electrodes. Typically, a potential difference between the
moving structure and electrodes is established by biasing the moving element with
a voltage source, Vg;,,. The electric field does work on the charges that develop on
the surfaces of the structures, thereby applying a force to the moving structure. If an
alternating electric field is established, the moving structure responds by vibrating at
the frequency of the alternating electric field. The moving structure will experience
the largest displacement when the frequency of the electric field is matched to the
natural frequency of the moving structure.

Figure 1.2 shows an electrostatically actuated, single-anchor, double-ended tuning
fork (DETF) resonator, which is the basis of most of the work presented. The mode of
operation is the anti-symmetric flexural mode where the beams vibrate out of phase
(see Figure 1.3). The DETF is electrostatically actuated and sensed using electrodes
placed on either side of the beam. A small amplitude AC voltage source is applied
on the outer two input electrodes forcing the beams into motion. A DC bias source,

VBias, 18 applied to the resonator. This bias source amplifies the force of actuation.
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Figure 1.2: Single-anchor, double-ended tuning fork resonator.
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Figure 1.3: Exaggerated deflection of a single-anchor DETF.
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Figure 1.4: Electrostatic actuation of a beam between two electrodes.

As the beams vibrate, their vibration is sensed by an inner output electrode.

This system can be described as two slender beams between two rigid coupling
beams. If the coupling beams are assumed to be perfectly rigid, then the vibration
of the DETF can be simplified to that of a beam in flexure-mode vibration. The
boundary conditions on the slender vibrating beams can be modeled as clamped-
guided. The guided behavior is the result of one of the coupling beams being free to
move, a consequence of having a single anchor. The implication is that the vibrating
beam will not hold axial loads as it is free to expand and contract during vibration.
Figure 1.4 shows the simplified model of the DETF with a clamped-guided beam
separated by a gap, g, from an input electrode and an output electrode. As the beam
vibrates, the y-direction displacement, v(x), modifies the gap between the beam and

electrodes. For small deflections, this system can be modeled as a moving parallel
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Figure 1.5: Differential element of flexural mode resonator and electrodes.

plate capacitor system with an electrostatic area A, = hL where L is the length of
the beam and h is the dimension of the beam not shown in the figure.

To determine the electrostatic force, we consider a differential element of length
dz shown in Figure 1.5. The capacitance of the beam and each electrode is inversely
proportional to the changing gap. Simple Taylor expansions describe the differential

element capacitance between a conductive beam and the surrounding electrodes:

c1(v) —idx _ S i ( — v—(g—))nda: (1.2)

YRR 9
&b Izsohoo v(_ac)nx
o) = —2sde == ;( p ) d (1.3)

The electrostatic force is determined by the change in energy stored by the capac-

itor with displacement. Since the bias voltages do not change with displacement and
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Ve € Vpias this simplifies to:

fow) = 2290 (v, Vasingn)'+ 1 220vz (14)
fe(v) = %b% (cl(v) + Cz(U)>V§¢as — %ZVBiaSVacsin(wt) (1.5)

If the Taylor expansion formulation of the capacitance is used in equation 1.5,

then the equation is simplified to:

b 0 (2n—1)
fe('l)) = 6:ng‘/Bzias Z 2n (P_SE_)> dz

n=1

o0 (n_l)
oh
- Eg—QVBiaSVaCsm(wt) Zn <@> dr (1.6)
g
n=1

There are several things to note regarding equation 1.5 and 1.6 their role in the

analysis of the system:

1. There are two factors that complicate the analysis of the electrostatically actu-
ated system. The inversely proportional dependence of the capacitance on the
gap between the beam and electrode results in a non-linear electrostatic force.
Furthermore, since the displacement, v, is a function of z, the electrostatic force

varies along the length of the beam.

2. The first term of the forcing function in equation 1.6 does not have a time de-
pendence and is only a function of displacement. As we will see in section 1.2.2,
this term puts the system into a positive feedback loop; as the displacement
increases (i.e. the electrostatic gap shrinks), the electrostatic force increases.
Consequently, the displacement dependence of the force results in an effective
“softening” of the system. As a result, the frequency of the beam will depend

on the bias voltage as well as the capacitance of the system.

3. For completeness it is useful to note the total force on the beam. This can be
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derived by integrating equation 1.5 over the length of the beam. However, a
road block is encountered since the displacement profile is not known a priori.
To fully solve for the force, the differential equation of motion must be modeled
using a finite element software or finite difference techniques [13]. However,
a rough approximation can be made since the displacement of the beam is

assumed to be very small. For v(z) = 0, the total force on the beam reduces to:

R= [ n0w) =0

_gohlL
e

(1.7)
VBias Vacsin(wt + )

The vibration of the beam is electrostatically sensed by monitoring the capacitance
change between the beam and the output electrode:
L de, (v)

o Vios 1.8
‘=), ot P (1.8)

In the following sections we will mathematically describe the frequency of vibration

and some of the effects that can influence the frequency of vibration.

1.2.2 Frequency

To determine the vibration of the beam, we will use an Euler-Bernoulli formulation.
By summing the forces and moments on a differential element (Figure 1.6) we can

determine the equation of motion [76]:

v OPM v
PA% + P—— = fe(v) (1.9)

oz = Ox?
where for small deflections
0%
M=B— 1.10
or? ( )

and
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Figure 1.6: Flexural-mode beam and differential element of the beam.

B=EI (1.11)

In the equations above, v is the displacement in the y-direction, p is the density,
A is the cross sectional area of the beam (i.e. hw), M is the internal moment, P is
the internal axial load, f. is the electrostatic force on the element, and the derivatives
are taken with respect to time, ¢, and the direction z. The bending stiffness, B, is
defined as the Young’s Modulus, F, multiplied by the 2" moment of inertia, /. For
12 , where h is the height of the beam

and the width, w, is the dimension in the direction of vibration.

a beam with a rectangular cross-section, I =

To solve this equation the following boundary conditions are useful:
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vix=0)=0
ov
—(x=0)=0
31”(( ) Li N (1.12)
ov

The implication of the guided boundary condition is that the axial load, P, must
be zero. The natural frequency of the structure can be determined by setting the

forcing function, f., to zero and solving for the homogeneous solution to the equation:

pA=— + B7— =0 (1.13)
T

The resulting flexural-mode natural frequency of this beam is just a function of

material properties and dimensions:

> I'B
hz% 73 (1.14)

In equation 1.14, 0 is the flexural-mode constant and m = pAL is the total mass

of the beam. For the first mode of a clamped-clamped beam 3 = 4.73.

Effects of Electrostatics

The homogeneous solution described in the previous section assumes that the force
is not displacement dependent. However, as seen in section 1.2.1, the electrostatic
force depends on the displacement of the vibrating structure relative to the electrode.
For very small displacements, v(z) < g, the electrostatic force can be simplified by
only considering the first, non-time dependent, term in the Taylor expansion of the
electrostatic force in equation 1.6:

pAgzt;} + Bgiz - ZZgh V2 v (1.15)

An analytical solution to equation 1.15 can be found by rewriting it as:




CHAPTER 1. RESONATORS AND FREQUENCY REFERENCES 16

where
VB s (1.17)

In equation 1.17, k. is often referred to as the electrostatic spring stiffness, Vg;qs
is the applied bias voltage, ¢, is the permittivity of free space, A, is the electrostatic
area (hL), and g is the electrostatic gap. Appendix A shows the complete solution
to equation 1.16 using the method of separation of variables. The frequency corre-
sponding to the modified equation can be written in terms of the natural frequency

found in equation 1.14:

f =t (1L.18)

where LR
Te = WESE (1.19)

Because the electrostatic force is attractive, it acts as a positive feedback system,
increasing as the electrostatic gap decreases. The positive feedback system presents
itself in the form of a negative electrostatic spring in equation 1.16, k., that reduces
the effective stiffness of the system. This results in the reduction of the frequency
of vibration. The magnitude of reduction depends on the non-dimensional ratio, re,
which is effectively a ratio of the frequency associated with the electrostatic spring
and the natural frequency of the beam.

In the present analysis we have ignored some of the higher order terms that would
capture nonlinearities in the system. These higher order terms are present not only
in the nonlinear electrostatic forcing function, but also when describing nonlinear
behavior of the beam under large amplitudes of vibration [47]. The consideration
of these terms is complex, but important in the study of modulation of noise in the
system [3]. The present and subsequent analysis ignore these nonlinearities under the
assumption of very small beam deflections. Furthermore, experiments were performed

with care to avoid operating in strongly nonlinear regimes.



CHAPTER 1. RESONATORS AND FREQUENCY REFERENCES 17

Effect of Axial Loads

The presence of axial loads is important to consider particularly for vibrating struc-
tures with boundary conditions that restrict axial expansion and contraction. This
is possible in DETF structures that have multiple anchors which constrain displace-
ment (Figure 1.7). For a double anchored DETF structure, the additional boundary

conditions must be considered:

(1.20)

Anechor Anclior

Figure 1.7: Exaggerated deflection of double-anchor DETF.

In equation 1.20, u is the displacement in the x direction. The vibration of the
double anchored DETF can be modeled as a clamped-clamped beam. A closed form
solution for the frequency of a clamped-clamped beam with the inclusion of axial

load, P, does not exist. However, approximations can be found in Blevins [12].

f=Iltm (1.21)

where
P (1.22)
Ty = — .
b P,
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and
(27)*EI

L2

When axial stresses are present, the mechanism for frequency shifting is similar to

P, = (1.23)

that of a guitar string. As the tension in the guitar string is increased, the frequency
of the guitar string increases as well.
We can combine the effects of axial loads and electrostatics into a single equation

describing the modification of natural frequency as:

f=Ffa/ (L =re)(L+ 1) (1.24)

1.2.3 Quality Factor

Quality factor is a measure of energy loss in an oscillatory system. It is related to
the damping in the system and thus how quickly a resonator will ring down under a
given impulse. Higher quality factors help to reduce the motional resistance of the
resonator and increase the current output of the resonator. Quality factor is defined

as the ratio of the energy stored to energy lost in a given cycle of oscillation:

Q=2 Energy stored
=27

Energy lost per cycle (1.25)

The most intuitive mechanism of energy loss is through collision with gas molecules,
also known as air damping. Mechanisms such as thermoelastic dissipation (TED) [21]
and Akheiser effect (AKE) [23] capture energy lost due to global and local phonon in-
teraction, respectively. Other mechanisms, such as surface effects [94] and anchor loss
[72, 11] can also contribute to energy loss. All of these mechanisms can be combined
together to represent the total Quality factor as a function of the quality factors due

to each mechanism.

LS SRS SURNRNS SURNE S
QTotal QAir QTED QAKE QAnchor QSurface

Equation 1.26 indicates that the total quality factor will be dominated by the

(1.26)

mechanism with the lowest quality factor. When devices are operated in air, the
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dominant mechanism is usually air damping. This is particularly true for resonators
with low frequencies. However, the DETF presented in this work were all packaged
in a low-pressure environment, < 1 Pa. The dominant energy loss mechanism in this

situation has been previously found to be thermoelastic dissipation [21].

1.3 Temperature Dependence

The temperature of a substance is an indication of the amount of energy stored by
the atoms in the substance. As temperature is increased, the atoms have higher
vibrational energy and move away from each other. The expansion of the atomic
bonds is characterized by the coefficient of thermal expansion, . This dimensional
change is usually also accompanied by a reduction in the stiffness of the atomic
bonds. The consequence is that most materials will not only expand with increasing
temperature, but will also become more compliant.

In this section the effect of material properties and dimensions on the frequency
behavior are examined. Other mechanisms, such as effect of electrostatic actuation

and axial loads, can also dictate the final temperature dependence of a resonator.

1.3.1 Generalized Temperature Coefficients

To determine the temperature dependence of vibration, we will first develop the
concept of generalized temperature coefficients. Consider a generic function g that
depends on the temperature, 7. Using Taylor expansion, the function can be de-

scribed as the infinite sum of derivatives of function g about a reference temperature
T, where g, = g(T,).

9(T) = go(l +Y TCgy
n=1

(T - TO)") (1.27)

T,

where

(1.28)
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In equation 1.28, T'Cg, is the nth-order temperature coefficient of g. It is impor-
tant to note that if ¢ is a polynomial of order k, then the summation from n = 1 to
k in equation 1.27 will perfectly capture the behavior of the polynomial. In the sub-
sequent sections we will find that the first and second order coefficients are sufficient
for capturing the dominant temperature-frequency behavior.

The generalized temperature coefficients can be used to capture the temperature
dependencies of material properties and dimensions. To illustrate this, we consider
a generic beam of initial length L,. If the temperature of the beam is increased, the
beam expands to a length of L. The first-order temperature coefficient of L is the

coeflicient of thermal expansion, .

1oL
L, 0T

The second-order temperature coeflicient of L captures the temperature depen-

TCL\(T,) = = a(T}) (1.29)

To

dence of the coefficient of thermal expansion:

_ L2 _1da
2L, 8T?%lr, 28T

To simplify viewing of equations, the evaluation of temperature coefficients is

TCLy(T,)

(1.30)

To

assumed to be at a specified temperature. In other-words, the reader should assume
that TCL, = TCL,(T) where T is the relevant temperature based on the context.
When temperature coefficient calculations are performed, the the variables are taken

at the specified temperature.

1.3.2 Temperature Coefficients of Frequency

Applying the concepts from the previous sections to determine the temperature coeffi-
cients of frequency for a single material beam in flexural-mode. Substituting equations
1.14, 1.19, 1.22 and 1.23 into equation 1.24, taking the appropriate derivatives, and
simplifying, the linear temperature coefficient of frequency is:
18P 1 0Vpigs
(a+TCE) —a(ry—re) + (%) — 2T€(Vsms Dfuas )

TOf — b, oT or 1.31
Ch 2141y —1e) (1.31)
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Equation 1.31 assumes that the coupling between the axial loads and the electro-
static spring stiffness is very weak. In other words, r, < 1 and r. < 1; therefore,

ryre < 1 can be neglected.

oP
y 8T

, are two user-defined control parameters that can be used to

The dependence of axial load on temperature and dependence of bias voltage

a‘/Bia,s
or

adjust the temperature coefficient of frequency. In section 1.4, we will see how these

on temperature,

control parameters can be used to make a “zero-TCt” resonators.
There are several consequences of equation 1.31 that are worth considering when
3 oP __ oV 105 —
the controls are not used, i.e. g7=0, =2 = 0.
1. If the effects of electrostatic actuation and axial loading of the beam are ignored

(re = 0,7, = 0), equation 1.31 simplifies to:

TCEl + o

TCf = 5

(1.32)
This result is equal to the temperature coefficient of the natural frequency
described by equation 1.14. This is a important result showing that the tem-
perature dependence of the natural frequency is just a function of material

properties.

2. If the resonator is electrostatically actuated but cannot sustain axial loads (i.e.

rp, = 0), as in the case of a single-anchored DETF:

(¢ + TCEL) + ar,
21 —re)

TCf, = (1.33)
The non-dimensional ratio r. has the effect of “pulling” the frequency and
thereby changing the temperature coefficient of frequency. For example, note

that from equation 1.18:

L _
]-_re_f2

(1.34)
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Electrostatic actuation shifts the frequency of the resonator, f < f,, and in-

creases the temperature coeflicient of frequency.

Higher Order Temperature Coefficients

Higher order temperature dependencies of the frequency can also be found by taking
the second and higher derivatives of frequency. However, the full descriptions can
be lengthy and are best performed by a computer. If terms with higher powers are
ignored (i.e. TCEy > T'CE?), then the quadratic temperature coefficient of frequency
of a single-anchored DETF reduces to:

2TCE; + 22(1+r.)
4(1 — )

TCf, = (1.35)

In equation 1.35, TCFE; is the quadratic temperature coefficient of Young’s Modu-
lus. Since the temperature dependence of Young’s Modulus tends to be much greater
than the coeflicient of thermal expansion, it is found that the error from ignoring the

higher order terms can be approximated as —TCE?/8.

Effect of Damping on the Temperature Coefficients

In the previous sections, the equations of motion did not include the effects of damp-
ing, and thus the effect of quality factor on the frequency of vibration. The damped

frequency of vibration is related to the undamped frequency of vibration through [76]:

fi= V1= (1.36)

In equation 1.36, ¢ is the damping ratio and is related to the quality factor of the
resonator by ( = % The TCf will therefore depend on the temperature dependence
of quality factor [52].

273 + Ta)7
273+ T

Where @, is the quality factor at temperature T, in Celsius. Taking the temper-

QT) = Qo (1.37)

ature derivatives of equation 1.36, we find:
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Elastic Temperature Coefficients
Constants (GPa) |[ Linear (ppm/°C) | Quadratic (ppb/°C?)
e | 16564 || TCcriy | 7487 | TCeciig |  -45.14
c1n | 63.94 TCersy | 9946 | TClras | -53.95
Cq4 79.51 TCC44’1 -57.98 TCC44,2 -20.59

Table 1.2: Elastic Properties of Single Crystal Silicon. [15]

_ " 1
TCf, = @3 1T (1407 +TCf (1.38)

For a silicon resonator, v is generally found to be 0.5 < v < 4. For high quality

factors, the effect of quality factor on frequency can be much less than parts per
billion.

Temperature Dependence of Silicon Flexural Mode Resonators

Silicon is an elastically anisotropic material. As such, the single material constant,
Young’s Modulus, cannot be used to describe the elastic properties of the material.
The Young’s Modulus can only be applied in the idealized circumstance where the
stress state is described by a single-directional component. This is the case for a
flexural-mode beam under uni-axial bending and/or normal compression or tension.
The Young’s Modulus in the <100> direction can be described as the inverse of
the S11 compliance. Appendix B provides an in depth discussion of the changes in
Young’s Modulus and its temperature derivatives as a function of direction within
the silicon crystal. The use of the Young’s Modulus in this dissertation assumes that
the appropriate direction has been chosen to evaluate the Young’s Modulus. Most of
the experiments use <110> direction oriented beams.

For a beam made out of silicon, the linear temperature coeflicient of Young's
Modulus is a large negative number that will dominate any of the dimensional changes
due to the coefficient of thermal expansion. The TCE of a beam oriented in the <110>
directions is approximately -63.8 ppm/°C[16].

The quadratic temperature coefficient of frequency will depend on higher order
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Figure 1.8: Frequency-temperature behavior of three silicon devices.

temperature dependencies. From literature values found at room temperature, the
linear and quadratic temperature coefficients of frequency at 25 °C are approximately
-30.5 ppm/°C and -26.5 ppb/°C?, respectively.

A measurement of three silicon resonators indicates that the measured value is
comparable to the expected value with the linear and quadratic temperature coeffi-
cients of frequency at 25 °C of -31.4 ppm/°C and -26.4 ppb/°C?, respectively. Over
approximately a 150 °C temperature range, the frequency of the silicon resonator
shifted by approximately 4500 ppm. This level of variation is unacceptable for most

applications.

1.4 Temperature Compensation Techniques

The methods used to compensate silicon microelectromechanical resonators can be
categorized as being passive or active. The primary difference is whether the com-
pensation method consumes power in order to perform the compensation function.

Active temperature compensation methods employ a open or closed loop control
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schemes to maintain the frequency of the resonator constant. Some techniques com-
bine information about the current temperature of the resonator with a previously
performed calibration. The purpose of the calibration is usually to perform an open
loop control of frequency by control of a parameter to which the frequency is sensi-
tive. Active compensation methods tend to consume additional power because of the
control circuitry and their effectiveness is directly related to the thermometry used
in the sensing of the resonator’s temperature.

Passive compensation methods do not require knowledge of the current temper-
ature of the resonator. These compensation methods are based on design of the
resonator geometry and materials. Since the techniques do not require control elec-

tronics they do not consume additional power.

1.4.1 Passive Stress Compensation

In chapter 1 section 1.2.2 the effect of axial loads on frequency of a flexural-mode
beam was described. It was found that axial tension or compression would lead to
an increase or reduction in the frequency of the resonator, respectively. One of the
ways to passively compensate temperature dependent frequency changes is to design
beam structures in which axial stresses are induced. Thermal axial stresses can be
designed to induce tension in the beams to directly counter the decrease in frequency
due to temperature. The use of thermal stresses in the beam model typically involves
use of materials with different coefficients of thermal expansion as well as multiple
anchors to transmit the stresses. This methodology is generally limited to beams in
flexural mode. The design of thermal stresses becomes tricky, if not infeasible, when
introduction of unintentional stresses, such as during packaging, are considered.
Chapter 6 will describe one way to simply induce thermal stress into the process
described in this dissertation. A frequency variation of 200 ppm is achieved over a 0
°C to 100 °C range. Other researchers have also used this method to compensate [39],

achieving 200 ppm variation in the 25 °C to 105 °C range.



CHAPTER 1. RESONATORS AND FREQUENCY REFERENCES 26

1.4.2 Passive and Active Electrostatic Compensation

In chapter 1 section 1.2.2, it was shown the act of electrostatically actuating resonators
can modify the frequency of vibration. The degree to which the frequency is modified
depends on the magnitude of the potential in the electrostatic gap as well as several
dimensional parameters such as the electrostatic gap and area.

The ability to tune these parameters over temperature provides two methods of
compensation. The most straightforward is active compensation by changing the
bias voltage applied to the resonator depending on the temperature. As temperature
increases, the frequency of the resonator would tend to decrease. However, if the bias
voltage is decreased appropriately, making the frequency increase, the two effects can
be cancelled [33]. This method was shown to reduce the frequency variation to 27
ppm in the 25 °C to 125 °C range.

Passive compensation using the electrostatic effect is possible by designing the
electrostatic gap to change with temperature. At constant bias voltage, as the gap
increases, the frequency increases. Hsu and Nguyen [40] developed a structure where
the gap would increase with temperature such that the frequency decrease with tem-
perature would be cancelled. This method used a silicon beam and a gold electrode.
Since gold expands much more than silicon it was designed to provide large change in
gap between the electrode and beam. Although the bias voltage did not change over
temperature, it acts as an amplification factor. The proper magnification factor is
determined by calibrating over temperature and varying bias voltages. A frequency

variation of 17.8 ppm was achieved in the 25 °C to 105 °C range.

1.4.3 Active Oven-Control

Active temperature control uses a heater to maintain the temperature of the res-

onator at a constant elevated temperature. As previously discussed, this methodology
has been applied to oven-controlled quartz crystal oscillators (OCXO). Although the

OCXO achieves superb levels of frequency stability (< 0.01 ppm), the large power
consumption makes the OCXO ill-suited for use in portable electronics applications.

One of the biggest advantages of applying this approach for silicon resonators is the
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ability to integrate the heater with the silicon resonator on the wafer. Integration
would allow miniaturization of the heater as well as reduction of the power consump-
tion by reducing the thermal mass to just the heater and resonator.

The method has been successfully demonstrated in reducing the frequency sensi-
tivity of silicon resonators by several orders of magnitude while only using tens of mil-
liwatts of power for heating ([68], [37], [44]). However, this level of improvement does
not achieve OCXO level of frequency stability due to the high temperature sensitivity
of silicon. For example, with approximately a -30 ppm/°C temperature coefficient of
frequency for silicon resonators, to achieve less than 0.01 ppm frequency variation
would require temperature control of 0.0003 °C. This level of control is currently not

feasible with external thermometry.

1.4.4 Active Circuit Compensation

Another method for temperature compensation is to avoid changing the frequency of
the resonator and to use a programmed circuit to output a “fixed” frequency. The
concept is to do a pre-calibrated multiplication of the resonator’s frequency based
on a temperature sensor measurement and a fractional-N phase locked loop. The
advantage is that no complex control of the frequency of the resonator is needed.
The method depends on a full understanding of the frequency of the resonator over
temperature and the accuracy of the temperature sensor used as the input to the
multiplication circuitry. As such, the accuracy of the compensation depends on the
resolution and accuracy of the temperature sensor. The additional circuitry for com-
pensation not only consumes power, but also adds noise. Two start ups focusing
on commercialization of silicon MEMS resonators, SiTime [82] and Discera [25], use
this type of active circuit compensation. Both companies are currently distributing

MEMS resonator based oscillators with less than + 50 ppm frequency variations over

a -40 °C to 85 °C temperature range.
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1.5 Contribution and Organization

In this dissertation a new passive compensation method is developed that allows
silicon-based resonators to achieve comparable frequency-temperature sensitivity to
quartz crystal resonators. Unlike previous passive compensation schemes, this method
does not rely on the use of thermal stress induced in the resonator to temperature-
compensate. The compensating mechanism is created by using materials with dif-
ferent temperature coefficients of Young’s Modulus to create a composite structure
whose overall temperature dependence is nulled. Silicon, which has a negative tem-
perature coefficient of Young’s Modulus, is combined with Silicon Dioxide, which has
a positive temperature coefficient of Young’s Modulus, in a manner that results in
frequency-temperature insensitive resonators.

This methodology has several key advantages that make it a viable solution to
the frequency-temperature problem in silicon resonators. Since the compensation
mechanism is not stress dependent, the design of the resonator is not limited to just
flexural mode beam resonators. Furthermore, the compensated resonators can be de-
signed with a single anchor, thus isolating them from packaging stresses. One of the
biggest advantages of this methodology is that the resonators can be designed into a
previously developed and commercially proven [82] “epi-seal” process which has been
shown to yield stable silicon resonators. In this dissertation, a modified “epi-seal” pro-
cess is developed that results in hermetically sealed, temperature-insensitive compos-
ite resonators. The modified process retains the benefits of the “epi-seal” MEMS-first
approach, such as hermetically vacuum-level sealed resonators in a CMOS-compatible
process with the option of subsequent CMOS integration.

The organization of this work is as follows:

Chapter 2 develops the theory of composite resonator frequency and temperature
dependence for flexural and extensional mode resonators. Several compositions of
silicon and silicon dioxide are considered and the ideal geometry that will lead to
“zero-TCf” resonators is developed.

Chapter 3 presents the modified “epi-seal” process which results in hermetically

encapsulated silicon dioxide coated single-crystal silicon resonators. The process is
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described in detail as well as major challenges that were overcome to obtain a high-
yield process.

Chapter 4 presents the measured frequency-temperature behavior of three types
of composite resonators: (1) a flexural mode, single-anchored, double ended tuning
fork resonator (2) a flexural “wine-glass” mode ring resonator, and (3) an extensional
mode ring resonator. “Zero-TCf” resonators are demonstrated in which the linear
temperature coefficient of frequency is cancelled. The resulting higher order quadratic
behavior is characterized.

Chapter 5 examines other important characteristics of the composite resonator
such as quality factor and electrostatic transduction factor. Measurements of long-
term frequency behavior at constant temperature are presented. The effects of electro-
static charging of the silicon-dioxide compensating layer are observed and discussed.

Chapter 6 returns to the subject of temperature compensation using thermal
stress for silicon-only resonators. A method for inducing thermal stress as a post-
processing step on the original “epi-seal” process is demonstrated. Hermetically sealed
silicon resonators are temperature compensated by employing a thin film in the final
metalization layer. An aluminum thin film is shown to compensate to the same level
of frequency variation as the composite resonator methodology. However, thermal
hysteresis in the thin film is shown to be a major drawback and stress evolution in
the thin film is extracted from frequency measurements.

Chapter 7 concludes with major accomplishments and future direction.



Chapter 2

Theory of Composite Resonators

Undesirable temperature dependent frequency changes in silicon resonators are pre-
dominantly due to the negative temperature coefficient of Young’s Modulus of silicon.
This type of behavior is expected in resonators fabricated out of most materials cur-
rently available. As the temperature of a material increases, the average energy in
the vibrational modes of the lattice increases. The relationship between energy and
interatomic separation is not perfectly symmetric around the energy minimum in the
interatomic potential. The asymmetry in the potential leads to an increase in the
average interatomic spacing with temperature; this increase with temperature is usu-
ally described by the coefficient of thermal expansion. The dimensional change is
typically accompanied by an increase in the compliance of the material, resulting in
a negative temperature coefficient of Young’s Modulus.

Crystalline quartz, a crystalline form of SiO,, is a material predominantly used
in resonators for frequency references. It exhibits both positive and negative tem-
perature coeflicients of the elastic constants. This discover results in several cuts of
the quartz crystal which exhibit temperature insensitive behavior. It is serendipi-
tous that amorphous silicon dioxide, one of the most commonly used materials in the
semiconductor industry, exhibits a positive temperature coefficient of Young’s Mod-
ulus. Several measurements of the temperature dependence of Young’s modulus of
silicon dioxide have been performed starting early in the 20%* century (see Appendix
C) [27, 79, 81, 63, 83]. Different methods have been used to measure the temperature

30
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dependent Young’s Modulus of bulk and thin film SiO,. Some of the findings are
through indirect measurements, and as such there is a bit of uncertainty regarding
the TCE of thermally grown SiO,. From literature values, it is approximated that
the linear TCE of silicon dioxide is approximately 183 ppm/°C £ 29 ppm/°C. Little
information has been found about the quadratic temperature coefficient of Young’s
Modulus of silicon dioxide. Lynun and Torbin [61] reports values for an ultrasonically
measured fused quartz rod of approximately -137 ppb/°C%. Following the formula-
tion of Chapter 1, section 1.3.2, if a resonator was manufactured out of only silicon
dioxide, its linear TCf would be approximately a positive 91 ppm/°C.

One of the earliest uses of silicon dioxide for temperature compensation was
demonstrated by Parker and Schulz [73] in 1974 by sputtering a SiO, layer on YZ
LiNbO3 and YZ LiTaOj; surface acoustic wave delay lines. Cambon et al. [18] demon-
strated a SiOy compensated silicon surface acoustic wave delay line with a quadratic
temperature coefficient of frequency of 45 ppb/°C?. Pang et al. [71] demonstrated a
film bulk acoustic resonator composed of Al-ZnO-Al-SiO, layers with a linear tem-
perature coefficient of frequency which varies from -1.6 ppm/°C to -0.4 ppm/°C over
a 40 °C to 110 °C temperature range. Recently Shen et al. [81] and Sandberg et al.
[79] suggested the use of SiO to temperature compensate flexural-mode resonators.

The combination of silicon and silicon dioxide for the purpose of temperature
compensation is explored in this chapter. In considering the various geometries there
are several immediate concerns. Will the mismatch in the thermal expansion coef-
ficients of these two materials result in unwanted behavior? Is the amount of oxide
necessary to compensate feasible? In the interest of commercial feasibility, how does
one incorporate the composite into the “epi-seal” process such that there is minimal
modification of the well-established and studied fabrication process?

In the following sections, the theory of frequency and temperature dependence of a
composite resonator - a vibrating device composed of multiple materials, is developed.
The models are then employed to determine how to construct a resonator such that the
contributions of the positive TCE material and negative TCE material are canceled

to yield a zero-TCf composite resonator.
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2.1 Frequency Models of Composite Resonators

2.1.1 Flexural Modes

Beginning in a similar manner as with a single material beam in Chapter 1 - Figure 2.1
shows a differential element of a generic N-material system. The coordinate system

origin is placed such that y is the distance from the mid-plane of the composite beam.

Figure 2.1: Composite flexural-mode beam and differential element of the beam.

The equation of motion for this composite system is similar to the equation of
motion of a single material beam:
v

2 82
an n ov _-x—2 @‘fe() (2.1)

In equation 2.1, p, and A, = wh are the density and cross-sectional area of the

n-th layer in the composite, respectively. v is the displacement in the y-direction, ¢
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is time, M is the resultant moment, P is the resultant axial load, and f, is the elec-
trostatic force on the differential element. For this composite structure the resultant

axial load, P, and the resultant moment, M, are defined as:

P=Y [(unda, 2.2

n=1 A,

M= Z/y(awz)ndAn (2'3)

n=1j

In equations 2.2 and 2.3, the resultant axial load and moment in the composite
is the linear combination of the loads and moments carried by each layer. The in-
tegration occurs over the cross-sectional area of layer n, A,. Due to the different
coefficients of thermal expansion, it is expected that each layer will have a stress

distribution of (0,;), where:

(0z)n = (Egggg)n(ezit)n (2.4)

In equation 2.4, (EM> is the Young’s Modulus of layer n in the x-direction (see

n

Appendix B), and (sglgfs"/“) is the elastic strain in layer n in the x-direction.
In the subsequent analygis, the resultant load and moment of equations 2.2 and
2.3, will be shown to be functions of material properties and dimensions. Furthermore,
the resultant load and moment will be used in the equation of motion (equation 2.1)
to determine the frequency of the composite structure.
Beginning with the assumption that during in-plane vibration of the composite
beam, the only non-zero stress component is the ¢, along the x-direction and the

other normal and shear stress components are zero. The total x-directional strain in

layer n due to stretching and bending is described as:
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(efj‘”) =&+ YK (2.5)
Ou, 0%
= — 2.6
oz +y8x2 (2.6)
In equations 2.5 and 2.6, ¢, = ‘?91;" represents the stretching of the beam’s mid
plane (y = 0) and k = %;— is the curvature of the beam.

The total strain in layer n is defined as the combination of elastic strain and

thermal stain:

(Etzoztal)n — (Eilz(wtic)n + (E;f;:ermal)n (27)
In equation 2.7, the thermal strain is the strain due only to temperature changes
(6;’;”’"“1) = ff,; an(T)dT and elastic strain is the strain due to applied loads. Since

the stress in the beam is dependent on the elastic strain, substituting equation 2.5
into equation 2.7 and rewriting, the elastic strain is:
T

(Egl;:zstw) =&, + yk — / an(T)dT (28)
n To

The resultant axial load, P, and moment, M, can now be rewritten using equations
2.4 and 2.8 as:

P= i:l/ (Em>n [50 +yK — /T:F an(T)dT] dA,, (2.9)

M = Ejj:/y(E)n [eo +oyr— /TT an(T)dT] dA, (2.10)

For beams that are have geometric and material symmetry about the midplane

(y = 0), the following relationship is true:

Ejj:/y(Em)ndAn ~0 (2.11)



CHAPTER 2. THEORY OF COMPOSITE RESONATORS 35

For these types of symmetric beams the resultant load and moment simplify such
that there is no coupling between midplane stretching and the resultant bending

moment and also between curvature of the beam and the axial load:

P= Z/ m —/fan(T)dT]dAn (2.12)

n—lA

M = Z / m KdA, (2.13)

n*—lA
Since the curvature and material properties are not y-direction dependent quan-

tities, equation 2.13 can further be simplified using the definition for the 2" moment

of inertia of layer n, I,:

I = / J2dA, (2.14)
P= i (EMA>n B / ' an(T)aT | (2.15)

Xi: - f: (Eml) (2.16)

n=1

The simplified expression of the resultant moment indicates that the bending
stiffness of a symmetric composite is a linear combination of the bending stiffness of
each layer in composite, B,, = (EMI )

Substituting equation 2.15 and quation 2.16 into equation 2.1, the equation of

motion for a differential element of a symmetric composite beam becomes:

N 52 N 4 N T 82
3 pnAnB—t;) +3 Bngx—qi +3 (EMA>n [60 - / an(T)dT} 5:5_1; = f(v) (2.17)
n=1 n=1 o

n=1
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Special Case: A single-anchored, symmetric composite DETF

As previously discussed, a single-anchored DETF does not restrict the expansion or
contraction of the vibrating beams. As such, the resultant axial load, P, must be

equal to zero. The equation of motion for the differential element then becomes:

N N
9%v d*v
4,27 7Y - .
n§:1 pun s + n§=1j Buot = fo(0) (2.18)

Ignoring the effect of electrostatics and using the solution similar to chapter 1,

the natural frequency of a flexural mode composite beam is:

— 7 Z'r]:;l B" — _ﬂ__z_ Z?I:IZI E"]" (2 19)
"o mL3 '
where
N N
m=> my=3» paAnL (2.20)
n=1 n=1

There are several important properties to deduce from the frequency of the single-

anchored, symmetric composite beam:

1. A mismatch in the coeflicients of thermal expansion will produce a distribution
of thermal stresses through the cross-section of the composite. However, since
the beams are free to expand and contract, the effect of the thermal stresses is
absent from the frequency behavior. This is particularly important to contrast
with designs that use multiple materials to purposefully induce thermal stresses

in the beams as in section 1.2.2 and 1.4.1.

2. The frequency of the composite structure depends on a linear combination of

bending stiffness of each layer in the composite. The influence of the Young’s
Modulus of layer n on the frequency behavior is modulated by the 2" Moment

27 Moments of Inertia of each

of Inertia of layer n. It is careful design of the
layer that will allow the engineering of the final temperature dependence of the

composite.
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3. Under the influence of temperature changes, the symmetric composite will un-

dergo expansion and contraction according to an effective coefficient of thermal
expansion. By setting equation 2.15 to zero, the midplane strain in the beam,

€, 1s found:

S (Beed) i an(T)aT
)

Eo =

(2.21)

An effective coefficient of thermal expansion can be defined using equation 2.21

as €, = aeff(T — T,) where:

S (EMA)nfTT an(T)dT
Sl (Bwd) (T -T,)

Qopp = (2.22)

Equation 2.22 can be used to describe the changes in the length of the beam,
L, in equation 2.19. We can also use equation 2.21 to determine the thermal

stress in each layer as:

T

(Gue)n = (s ) (ctes (T = T,) — / 0ndT) (2.23)

To
Flexural Mode Ring-Resonators

Flexural mode ring resonators, also referred to as wine-glass mode resonators, are
also of interest due to the scalability of their frequency to higher frequency ranges.
This is in part possible by scaling to smaller radii. The frequency equation, see
equation 2.24, is very similar to the equation of frequency for flexural-mode beam
resonators for thin rings whose radius is much larger than the cross-sectional area.
In particular, the frequency of both beam and ring resonators is dependent on the
bending stiffness. As such, composite flexural mode ring resonators will also depend

on the linear combination of bending stiffness of each material portion in the ring.
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=L (2.24)

It is important to note that equation 2.24 uses an isotropic Young’s Modulus.
The flexural mode of a single crystal silicon ring resonator is made complicated by

anisotropic elastic properties (Appendix B).

2.1.2 Extensional Modes

The frequency of composite extensional mode bar (equation 2.25) and thin ring res-

onators (equation 2.26) is also straight forward to develop following [76].

1 [2Y (BA),
ar,extensional =™ n= 2.25
fuanctensionat = 7] =1 (2:25)

s _ 1 E(BA),
ring,extensional — \/2—7_‘_ mR

For the extensional-mode bar resonator, the axial stiffness along a particular direc-

(2.26)

tion in the silicon crystal is constant (Appendix B). However, for an extensional-mode
ring resonator, the elastic constant changes with orientation along the ring. This ef-

fects not only the frequency of the resonator, but also the mode shape.

2.2 Temperature Dependence of Si-SiO; Compos-
ite Resonators

The natural frequency of the composite can be expressed as a decoupled combination

of the frequencies of each portion of the beam following equation 2.19.

_ 5_2 Bg; + Bgio,
2 mlL3

fa (2.27)
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Equation 2.27 can be rewritten as:

n

mg; mgio
f2 = ng'z + _“m_zfg'ioz (2-28)

This suggests that the temperature coefficient of frequency of the composite will
be a combination of the temperature coeflicients of each portion of the beam. Taking

the temperature derivative of equation 2.28 and simplifying, we find:

(TC f1)sio, +m(TC f1)s:

TCf, = 7 (2.29)
where
r= 5 12”31- (2.30)
msio, fSiOz
and from Chapter 1:
10
TCf, = ?% (2.31)

Considering the limits of equation 2.29, we find that in the limit as » — 0, i.e.
mostly a silicon dioxide beam, the TC f1 — (T'Cf1)si02- In the limit as r — oo, i.e.
mostly a silicon beam, TC'f; — (T'C f1)s;.

Equations 2.28 through 2.30 are valid for flexural-mode and extensional mode
resonators. Since the ratio, r, is set by the geometry of the resonator, evaluating

equation 2.30 yields different expressions for flexural mode and extensional mode:

Bg; Eg.lg;
T flezural = 5 = 55 (232)
Bsio,  FEsio,Isio,
Eg; Asg;
Textensional = 2.33
i Esi0,Asio0, (2.33

The value of r will modulate the temperature dependence of the beam to exhibits
behavior between that of a silicon or a silicon dioxide beam. Since the two materials
have temperature dependencies with different signs, by choosing r appropriately, the
temperature coefficient of frequency for the composite beam can be nulled. Setting

the linear temperature coefficient of frequency (T'C' f1) in equation 2.29 to zero and
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solving for the ideal ratio, *:

r*(T) = _ICH)sio, (2.34)
(TCf1)si

Due to the uncertainty of the temperature coefficient of Young’s Modulus of sil-
icon dioxide, the ideal ratio at 25 °C is between 2.5 and 3.5. Since (T'Cf1)s:0, and
(T'Cf1)s; are just a function of material properties, the ideal ratio depends only on
the material properties of silicon and silicon dioxide. Note, however, that the material
properties change with temperature. As such, the ideal ratio is different at different
temperatures. The implication is that since the geometry of the resonator sets the
ratio, the linear temperature coefficient of frequency can only be set to zero at a
specific temperature.

Different constructions of silicon-silicon dioxide composites is explored to deter-
mine which would achieve the ideal ratio with the lowest thickness of silicon dioxide.
The purpose being that minimization of the thickness of silicon dioxide would reduce
thermal stresses during resonator fabrication and thus reduce processing failures.

Figure 2.2 shows possible constructions for a symmetric Si-SiO, composite with
a rectangular cross-section. The width (w) and height (k) are chosen such that the
area for the silicon portion of the beam is constant (Ag; = hw). The ideal thickness
of silicon dioxide, tx, to yield a “zero-TCf” resonator for both extensional mode and
flexural mode resonators in Figure 2.2 can be found by solving for r=r* using equations
2.34 and 2.32 or 2.33, respectively. The ideal thickness for a beam resonator of height
h = 20um for the various constructions is shown in Figure 2.3. As a rule of thumb,
a r* value of 3 was used to determine ideal thickness.

Depositions and thermal growth of silicon dioxide of more than 1 pm thickness
is generally impractical because it is time consuming and could cause significant
thermal stresses during fabrication. From Figure 2.3, several constructions cannot be
used due to this constraint. The most effective use of silicon dioxide compensation
is for a beam in flexural mode which is completely coated (construction A in Figure

2.2). A 10pm wide flexural-mode beam can be compensated with less than 1 pm of
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Figure 2.2: Possible constructions for symmetric Si-SiO, composites with rectangular
cross-section areas.

silicon dioxide. Only very thin, less than 3um wide beams, can be compensated when
a coated construction is used in the extensional mode. Note that for constructions C
and E in 2.2, the ideal silicon dioxide thickness is the same when operated in flexural
or extensional modes. Furthermore, constructions B and D are independent of the
height (k).

The coated geometry is ideal since it is also straightforward to fabricate using ther-
mal oxidation. Thermal oxidation allows the formation of high quality silicon dioxide
that is also very uniform. The uniformity of thermal growth allows the creation of
symmetric composites and reduces variation over the wafer. However, thermal oxida-
tion also results in slightly different growth rates of silicon dioxide on different single
crystal silicon crystal plane orientations [75]. This must be taken into account since

the thickness of oxide is a critical parameter.

2.3 Summary

In this chapter we developed the theory of vibration and temperature dependence of
vibration for symmetric composite resonators. The main motivation was to design
a temperature insensitive resonator by using silicon and silicon dioxide, since these
two materials have opposing temperature coefficients of Young’s Modulus. It was

found that the temperature coefficient of frequency of the composite is a weighted
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Figure 2.3: Ideal SiO, thickness for extensional mode and flexural mode vibrations
of constructions shown in Figure 2.2. A height of h = 20um is used.

linear combination of the temperature coefficients of frequency of the silicon portion
of the beam and the silicon dioxide portion of the beam. The weighting factor, r, is
a non-dimensional ratio that depends on the mode of operation, material properties,
and dimensions of the resonator. However, the ideal ratio, r*, needed to achieve a
“zero-TCf” resonator depends on the temperature coefficients of Young’s Modulus of
silicon and silicon dioxide.

For a given resonator geometry and mode of vibration, the thickness of oxide
necessary to achieve a “zero-TCF” resonator can be found by solving for r = r*.
It was found that the most effective way to achieve this compensation is to use a
silicon beam coated with silicon dioxide and operated in flexural mode. The use of
a thermally oxidized double-ended tuning fork resonator, described in Chapter 1, is

a straightforward implementation of this type of compensation. In the next chapter



CHAPTER 2. THEORY OF COMPOSITE RESONATORS

the fabrication of this composite resonator is described.
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Chapter 3

Fabrication of Composite

Resonators

Silicon micromachining has the extraordinary capability to create large volumes of
precisely defined structures with sub-micrometer precision. However, the advantages
of exquisitely small features can be offset by failure or capability loss due to interaction
with other small scale effects. Dust, contamination, radiation, and human handling
are just some of the mechanisms that can cause failure and drive the need for high
quality packaging in micromechanical systems.

Frequency references have the most stringent packaging requirements. Very small
changes in mass or stiffness of the resonator can cause large frequency changes. Fur-
thermore, low pressure packaging is needed to decrease air-damping and increase the
quality factor of the resonator; especially for flexural mode resonators. The rise of
the quartz crystal frequency reference is largely due to the development of highly
hermetic packaging methods. Quartz crystal resonators are individually packaged in
a metal cans which are vacuum sealed. The low cost through batch fabrication and
CMOS integration advantages of silicon resonators would be lost if silicon resonators
needed to be packaged similarly to quartz crystal resonators. For this reason, the
study of wafer-level packaging techniques has received a great deal of attention.

One successful packaging method is the result of a collaboration between Stanford
University and Bosch Research and Technology Center (RTC) in Palo Alto, CA. The
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inventors developed an epitaxial silicon thin film, “epi-seal,” encapsulation technol-
ogy that allowed the resonator to be packaged at the wafer-scale in a hermetic, low
pressure environment [50], [22]. The encapsulation technology used a MEMS-first
approach briefly described in Chapter 1, Section 1.2. The final packaged devices have
a small footprint, were only exposed to CMOS-compatible processing, and have areas
of single-crystal silicon to be used for CMOS integration. Using this approach, [50]
showed that pressure-sensitive resonators packaged using this technology were stable
to within £+ 3.1 ppm at room temperature over the period of one year. Solving this
critical bottleneck for silicon frequency references spawned SiTime Inc [82], a start-up
in Sunnyvale, California focusing on commercialization of silicon frequency references.

The fabrication and packaging of composite resonators is derived from the “epi-
seal” technology developed for silicon resonators. This chapter describes the fabrica-

tion and “epi-seal” encapsulation of composite “zero-TCf” resonators.

3.1 Thin-film Epi-Seal Fabrication of Composite
Resonators

Flexural-mode double-ended tuning fork resonators, as shown in Chapter 1, with
varying beam widths were designed. Since there is a large uncertainty in the ideal
bending stiffness ratio that would yield a “zero-TCf” resonator, the ratio was set
by designing DETF resonators with beam widths varying from 4 ym to 8 um in
steps of 0.25 ym. The composite structure was formed by thermally oxidizing the
silicon DETF and forming a coating of silicon dioxide of similar thickness on all of

the resonators.

3.1.1 Pre-processing

The fabrication begins with a 4 inch diameter single-crystal silicon on a silicon dioxide
insulator (SOI) wafer (see Figure 3.1). The wafer is annealed at 1000 °C for approx-
imately 24 hours to anneal stresses in the buried silicon dioxide (BOX) insulator

layer.
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Alignment marks are etched into the surface of the wafer to provide alignment
features for the subsequent lithographic steps performed on both stepper and con-
tact mask aligners. Stepper aligners are used because they provide higher resolution
lithography. The ASML PAS 5500 stepper can expose features that are as small as

0.4 pm. Contact aligners are used when features exceed 2 pm.

ASML
Alignment Mark

ontact Mask
Alignment Mark

Figure 3.1: Schematic of silicon on insulator (SOI) wafer with alignment marks.

3.1.2 Device Definition

A stepper aligner is used to define the double-ended tuning fork resonator in 1 pm
of Shipley 3612 photoresist. The desired trench size is 1.5 pym and will form the
electrostatic gap between the resonator and the electrodes (Figure 3.2). Using the
Bosch deep reactive ion etch (DRIE) in an STS etcher, the trenches are etched in the
20 pm device layer of the SOI. The Bosch DRIE recipe is used to avoid “footing”
problems during an overetch in which plasma ions are deflected from the BOX layer

and begin etching sideways into the silicon at the bottom of the trench. A 20%
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overetch is done to ensure that all trenches reach the buried silicon dioxide layer.

Figure 3.2: (Top) Microscope image of definition of DETF. (Bottom) Schematic of
cross section showing two beams between electrodes.

The sidewalls of the trenches that are formed are typically not perfectly parallel.
There are several topographical features left by the DRIE etch. The trench is usually
wider, which is known as“blow-out”, at the surface of the wafer and tapers toward
the buried oxide. There are also “scallops” that are left by the etch-passivation cycle
which is common to the Bosch DRIE recipe. SEM measurements of beam widths after
DRIE indicate that the width shrinks on average by 0.3 um and has approximately

0.09 pm variation across the wafer.
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3.1.3 Sacrificial Release Layer

Sacrificial tetraethyl orthosilicate (TEOS) silicon dioxide is deposited in three to
four steps with approximately 0.7 um to 0.8 pm deposited in each step. After each
deposition the silicon dioxide is annealed for 1 hour at 1100 °C to relieve stresses and
densify the silicon dioxide. If more than 1 pm is deposited in one step, the residual
stresses in the oxide cause cracking in the thin film. TEOS is used for its conformal
deposition with the goal of sealing the trenches with the least amount of oxide. It is
desirable to match both the thickness and density of this layer with the buried silicon
dioxide layer. After this step the buried silicon dioxide and the TEOS completely
surround the resonator beam (Figure 3.3). Both of these layers are sacrificial and will

be removed to allow the resonator to vibrate.

Electrical
Contact
Opening

Figure 3.3: (Top-Left) False color microscope image of TEOS re-fill of definition
trenches and openings for electrical contact. (Top-Right) False color microscope im-
age of cross-section of definition trench refilled with TEOS sacrificial silicon dioxide.
(Bottom) Enlarged cross section schematic.
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If a less conformal deposition technique is used, such as low temperature silicon
dioxide (LTO) deposition, the thickness of the deposition to seal the trenches would
be more as LTO does not deposit on the sidewalls of the trench. To further decrease
the thickness of the TEOS deposition, only T-intersections of trenches are allowed.
Acute intersections or cross intersections could “blow-out” during lithography and
result in larger trenches to re-fill. In addition, the trench is not perfectly re-filled
during TEOS deposition. Although silicon dioxide is deposited on the sidewalls of
the trenches, a small opening, known as a “key-hole”, is left through the center of the
trench.

After deposition, small openings are etched through the TEOS with an AMAT
p5000 reactive ion etcher for electrical contacts to the resonator and electrodes. In
Figure 3.3, one opening is over the anchor of the resonator. This contact will provide
the bias voltage to the resonator. The three other contacts are for the electrodes
to provide the input AC voltage and the center electrode contact to measure the
resonator response. A contact can also be placed in the field area away from the
electrodes and resonator. This contact could be used to bias the device layer and is

typically set to ground.

3.1.4 Epitaxial Silicon Encapsulation

This step begins the wafer-scale encapsulation of the resonator. Epitaxial silicon
is deposited over the entire wafer at 1080 °C in an AMAT epitaxial reactor. The
growth of silicon on top of silicon dioxide results in a layer of polycrystalline silicon.
However, the opening in the TEOS sacrificial oxide exposes the single-crystal silicon
of the device layer. Silicon growth in the TEOS openings aligns with the underlying
crystal and results in growth of single-crystal silicon. If large areas of single-crystal
silicon are open away from the resonator-electrode structure, the large area of single-
crystal silicon provides an area for subsequent CMOS-integration. The deposited
silicon is n-doped to match the doping of the device layer.

Approximately 20 pum of epitaxial silicon is deposited, forming the “Ist cap”. This

deposition is ten times thicker than the first encapsulation layer deposition of Candler
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Figure 3.4: (Top-Left) True color microscope image of polycrystalline silicon. (Top-
Right) True color microscope image of cross-section of first cap showing poly-
crystalline and single-crystal epitaxial growth. (Bottom) Enlarged cross section
schematic.

et al. [22] to add structural stability during composite formation.

The polycrystalline deposition tends to be rough (see top of Figure 3.4) and thicker
than the single-crystal silicon growth. A chemical-mechanical polishing (CMP) step is
performed to planarize the surface. This is necessary for two reasons: (1) to planarize
the surface to improve subsequent lithography steps, and (2) to reduce infrared (IR)
light scattering from rough surfaces when using an IR microscope to monitor device
release in the next step. In the original “epi-seal” encapsulation process, this CMP
step was not necessary since the difference in thickness of the polycrystalline and

single-crystal growth in a 2 um layer is significantly less.
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3.1.5 Device Release

The resonator is now buried under an epitaxial silicon layer and is surrounded by
sacrificial silicon dioxide (buried silicon dioxide and TEOS). To release the resonator
the sacrificial silicon dioxide around the device must be removed. Small openings
in the encapsulation layer, also called “vents”, are etched to provide access to the
sacrificial Si0O,. Vents are typically arrayed holes of 1 ym x 8 um defined over the

resonator in the encapsulation layer (Figure 3.5).

Low-stress
Silicon—Nitrid

Figure 3.5: (Top-Left) False color IR microscope image of vents and definition layer.
(Top-Right) False color higher magnification IR microscope image showing vent and
definition trenches. (Bottom) Enlarged cross section schematic.

There are two additional steps prior to the lithographic patterning of the vents.
The “vent” mask must be aligned to the now obscured device layer. Two of the six

ASML alignment marks are opened by silicon DRIE etching of small holes over the
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alignment marks. Note that the alignment marks are protected during this step as
they are etched into the silicon device layer and are covered by silicon dioxide during
the TEOS trench-refill step. A low-stress silicon nitride of approximately 0.8 pum is
also deposited. The silicon nitride is useful during the composite formation step as
it inhibits growth of silicon dioxide of the encapsulation epitaxial polysilicon on the
surface of the wafer (see section 3.1.6). This is typically done during a local oxidation
(LOCOS) process [19].

A stepper must be used to lithographically pattern the 1 um vents. The Bosch
DRIE process described in the device definition section is used to etch the vents. The
etch stops on the TEOS sacrificial oxide. Since wet etching of the sacrificial silicon
dioxide could result in stiction, the oxide is etched using vapor hydrofluoric acid with
an etch rate of approximately 500 angstroms per minute.

The progression of the etch is obscured by the thick silicon encapsulation. Since
silicon is transparent to IR wavelengths, an IR microscope is used to monitor the
progress of the etch (Figure 3.6). The TEOS is etched first and an etch-front can
be seen using the IR microscope. As the vapor HF reaches a trench, the vapor acid
quickly reaches the buried oxide due to the “key-hole” openings from the imperfect
conformality of the TEOS deposition. The time delay between etching the TEOS
sacrificial oxide and the buried silicon dioxide results in two visible etch fronts. Both
etch fronts are monitored during the release, however it is the buried silicon dioxide
etch that must be completed to ensure full release of the resonator. Note that the
silicon nitride deposited will also etch in hydrofluoric acid although at a much slower
rate of 35 angstroms per minute. Since the silicon nitride must be present during the
next step, a thick layer of 0.8 yum was initially deposited.

Overetch during the release step can be disastrous to the process. As the vapor
HF is transported in the “key-holes” of the trenches, the TEOS oxide around the
resonators’ anchor and electrodes is also etched. Toward the end of the process, once
the resonators are sealed in a low-pressure cavity, the electrical contacts will need
to be isolated from each other using a DRIE step. The DRIE step must stop on
the deposited TEOS layer. However, if the TEOS deposition is etched during this
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Figure 3.6: (Top-Left) False color IR microscope image of vents, definition trench,
and vapor HF etch front. (Top-Right) False color higher magnification IR micro-
scope image showing TEOS etch front and buried silicon dioxide (BOX) etch front.
(Bottom) Enlarged cross section schematic.

release step, the DRIE etch will break into the vacuum cavity of the resonator, thus
exposing the resonator to environmental conditions (see section 3.1.8). The size of
the anchor and electrodes must be carefully chosen such that during the release of
the resonator the etch front does not encroach on the electrical contacts in the anchor
and electrodes.

Another design consideration is the placement of the vents. Since the release must
be carefully controlled, the etch front, including an overetch, is limited to approxi-
mately 10 pum from the vent. This places additional restrictions on the size and design
of the resonator. For example, the coupling beams in the DETF (see Figure 3.2) are

perforated. Vents are designed to overlay the perforation to help transport vapor HF
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etchant to the underside of the coupling beam and thus the buried silicon dioxide.
The beams of the resonator do not need to be perforated as long as they are less than
10 pm to 12 pm in width. In this case, the trenches defining the beam are sufficient
to transport the vapor HF to the buried silicon dioxide.

In the “epi-seal” of silicon resonators, the vents are usually overlaid with beam
trenches in the device layer such that the vent is perpendicular to the trench. In this
modified process, the vents are positioned parallel to the trench and 1 um away from
the trench on the side of the electrode. In Section 3.2 on fabrication challenges for
composite resonators, we will see that positioning vents over the beam has several
negative consequences, such as loss of composite symmetry and plasma damage.

The second restriction is on the total span of the released area. Over large per-
forated areas, such as over the coupling beams, the encapsulation acts a membrane
over the released area. The size of the membrane area had to be restricted to 150
pm by 300 pm. The restriction was necessary to minimize deflection due to thermal
and residual stresses during composite formation. As we will see in the next section,
stresses during growth of thermal silicon dioxide could cause a large deflection of this
membrane. It is for this purpose that the area of the released membrane is limited

and the thickness of the membrane (i.e. first encapsulation) was increased.

3.1.6 Composite Formation

After release of the silicon resonator, the vent holes could be sealed using epitaxial
silicon deposition (as will be described in section 3.1.7) similar to the original silicon
resonator “epi-seal” process. However, before sealing, thermal oxidation is used to
form the composite.

Dry or wet thermal oxidation can be used to form the composite (Figure 3.7). Dry
thermal oxidation can take multiple hours, but generally forms silicon dioxide with
less defects [75]. Wet thermal oxidation is much faster, growing 0.5 pm in less than
one hour. The oxidation time was calculated using the Deal-Grove model ([75]) and
fine tuned using test runs. During thermal oxidation every exposed silicon surface

will grow thermal oxide. This includes growing thermal oxide on the beams, the
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Figure 3.7: (Top-Left) Scanning electron microscope (SEM) image of cross section
of resonator beam. (Top-Right) SEM image of corner of electrode showing large
variation in silicon dioxide thickness on sidewalls. (Right) SEM image of bottom of
the composite beam. (Bottom) Enlarged cross section drawing.

electrodes, and every surface in the cavity. However, the growth on the <110> plane
will be more than on the <100> plane due to more exposed silicon atoms on the
<110> surface [75]. Since the resonator is buried beneath the encapsulation layer, it
is impossible to get a direct measurement of the silicon dioxide grown on the beam.
The best approximation is to use a test wafer that follows the resonator through the
process. The <100> silicon dioxide thickness measurement was taken on the test
wafer using a Nanospec AFT Model 010-180. The variation in the oxide thickness
across the wafer had a standard deviation of less than 50 angstroms. An SEM of a
broken test wafer revealed that the oxidation on the top and bottom of the beam is
identical within the measurement error. This indicates that thermal oxidation can

be used to form a symmetric composite. However, the scallops formed on the trench
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sidewalls during DRIE etching were visible after oxidation (see top right of Figure 3.7).
The thickness of the sidewall oxide is difficult to determine because of both variation
along the sidewall as well as not having direct access to the actual resonators tested.
Furthermore, charging of the oxide during scanning electron microscope investigation
complicates making a precise measurement.

At the time of oxidation, several microns of silicon dioxide are present on the
backside of the wafer from the initial SOI and TEOS depositions (not shown in
the schematics). Because of this thick oxide, the backside of the wafer will not see
significant oxide growth during the thermal oxidation of composite formation. To
avoid wafer bending from a mismatch in silicon dioxide on the front and back of
the wafer, silicon nitride was deposited as described in the previous section. Silicon
nitride effectively limits diffusion of oxygen and reduces growth of silicon dioxide on
the top surface of the wafer.

However, to seal the vent holes after thermal oxidation, the silicon nitride, an
electrical insulator, must be removed. Silicon nitride is etched using an AMAT p5000
reactive ion etcher. It was discovered that this etch attacks the silicon dioxide in
the cavity directly under the vent. Since this caused problems during the sealing of
the resonator (see section 3.2), the composite formation step was broken into two
oxidations. The majority of the composite thermal oxide is grown during the first
oxidation step. The silicon nitride is then etched with an overetch using AMAT p5000
etcher. A second thermal oxidation grows 1000 Angstroms of oxide. This adds to
the total thickness of the composite, however only 1000 angstroms is grown on the
top surface of the wafer. A carefully timed dry reactive ion etch is used to remove
the thin layer of oxide on the surface. Since the film is thin, this precise etch can
be optimized such that the etch is stopped before the silicon dioxide in the cavity is
etched.

3.1.7 Epitaxial Sealing

Epitaxial sealing of the vents follows the process for “epi-seal” of silicon resonators.

Hydrogen gas at 1080 °C flows through the epitaxial deposition reaction chamber.



CHAPTER 3. FABRICATION OF COMPOSITE RESONATORS 57

This ensures that all organics are removed. In the original “epi-seal” process, this
step removes the native silicon dioxide on the resonator’s surface, leaving a pristine
silicon surface. However, a negligible amount of silicon dioxide is removed from the

compaosite resonator.

Figure 3.8: (Top-Left) True color microscope image of silicon resonator with a broken
encapsulation layer. The resonator appears pink due to the 0.43 pm oxidation. (Top-
Right) SEM image of cross-section of composite resonator through the beam and
encapsulation layer. (Bottom) Enlarged cross section schematic.

A selective epitaxial silicon deposition on silicon, and not silicon dioxide, is used
to seal the vents. Selectivity is achieved by flowing hydrochloric (HCI) acid during
the sealing step [7]. Silicon that is deposited on silicon dioxide is etched away by the
HCIl. As silicon is grown on the top surface of the wafer, the vents are sealed. There
is an advantage to having the resonator and resonator cavity completely coated in

silicon dioxide during the sealing step. Since no silicon is deposited on the resonator,
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the risk of shorting the resonator to the electrode due to cavity deposition is negated.
In “epi-sealing” silicon resonators, this is a common failure mode. It is for this reason
that the vents are usually designed to be smaller than the definition trench width. In
the “epi-seal” of composite resonators, this is not necessary.

A total of 20 pum is deposited to seal the vents and provide additional structural
integrity to the encapsulation (Figure 3.8). The silicon deposition is also highly n-
doped to match the doping of the SOI wafer. The doping is necessary to reduce
electrical resistance since the electrical interconnects will be formed through the en-
capsulation. Hydrogen is used as a carrier gas for the dopant. When the vents are
sealed, the primary gas left in the resonator cavity is hydrogen. This hydrogen gas
will be diffused through the encapsulation in the last step in the process. Epitaxial
silicon sealing provides an exquisitely clean environment for the resonator and forms a,
hermetic package by having a thick layer of epitaxial silicon, which is a good diffusion
barrier to molecules in the environment.

As during the formation of the 1st encapsulation layer, epitaxial silicon deposition
will grow polycrystalline silicon on top of polycrystalline silicon and single-crystal
silicon (SCS) on top of single-crystal silicon. Large areas of SCS are still available for
integration with CMOS after processing. As before, the difference in the growth of
polycrystalline silicon and SCS necessitates a second chemical mechanical polishing

step to level the surface of the wafer.

3.1.8 Electrical Interconnect Formation

After the “epi-seal,” the resonator is hermetically sealed in a cavity under the surface
of the wafer. It is remarkable to note that after the CMP step, the wafer appears as
if it were a clean brand-new wafer, although not all areas are SCS. At this point, the
electrical contacts to the resonator and electrodes are shorted together through the
encapsulation layer. The electrical contacts must be separated by etching “isolation
posts” into the encapsulation layer around each contact (Figure 3.9). This step is
complicated by several factors: (1) the alignment marks are once again obscured

by the encapsulation layer, (2) alignment of the isolation trench layer lithography
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is crucial, and (3) a DRIE etch of the isolation posts must etch through 40 pm of
epitaxial silicon with an aspect ratio of more than 20:1. To accomplish the high aspect
ratio etch, a thin 0.3 pm silicon dioxide hard mask is deposited to avoid “mouse-bites”
during the subsequent 40 ym Bosch DRIE etch. Mouse-bites are due to breakdown

of the photoresist near a trench which results in locally wider trench openings.

Figure 3.9: (Top) SEM showing cross section of device with three isolation posts
making contact to three electrodes in the DETF resonator design. (Bottom) Enlarged
cross section schematic.

Following the procedure in section 3.1.5, small openings are made over the two
ASML alignment marks using a blind-align lithography step and DRIE. A blind-
alignment uses only the location of the wafer flat to align the wafer. However, if a

contact aligner must be used, openings of the alignment marks must be done using



CHAPTER 3. FABRICATION OF COMPOSITE RESONATORS 60

a contact aligner with an IR microscope. The IR microscope is necessary to see
through the encapsulation at the alignment marks in the definition step. Alignment
of the isolation post mask is critical. The isolation post must completely surround
the contact made after the trench TEOS re-fill step (see section 3.1.3). Furthermore,
the DRIE etch must stop on the TEOS sacrificial oxide layer. If during the release
of the resonator, the TEOS sacrificial oxide is severely overetched, the isolation post
will not stop on the TEOS. Instead it will break into the resonator’s cavity, which was
“epi-sealed,” causing an irreparable critical failure since the resonator would then be

exposed to the environment.

Figure 3.10: (Top Left) SEM showing cross section of device after completion of
fabrication. Aluminum traces can be seen on top of the encapsulation. Under the
surface of the wafer, there are three electrodes and two cavities where the double
ended tuning beams are located. (Top Right) SEM showing cross section through
the isolation post and its connection to the electrode. An aluminum trace is shown
making contact with the isolation post. (Bottom) Enlarged cross section drawing.
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After etching, the isolation posts are electrically isolated. However, before alu-
minum traces to the interconnects can be formed, the surface must be passivated with
silicon dioxide. The passivation silicon dioxide is deposited using low-temperature ox-
ide (LTO) at 450 °C. Approximately 3 pm of LTO is deposited to fully passivate the
surface and seal the isolation post trenches. Openings are made in the passivation
oxide only over the isolation posts. This alignment is also critical. Approximately 2
pm of 100% Aluminum is sputtered at 40 °C after a short etch is performed in the
sputtering chamber to remove native oxide and improve the electrical contact. A dry
aluminum etch of the traces and bondpads is preferred as it allows thinner traces to

be formed with no “mouse-bites” associated with wet etching.

3.1.9 Post-processing

After the wafer is completed (Figure 3.11), the hydrogen in the resonator cavity is
diffused through the encapsulation by placing it in a 400 °C nitrogen environment
furnace. The “epi-seal” composite resonator process should not significantly effect
the diffusion pathway of hydrogen compared to the “epi-seal” of silicon resonators
process since the dominant diffusion path is through the trenches of the isolation
trench layer which remain unchanged[51]. After diffusion, the resonators are in a
hermetic package at approximately 1 Pa ([50]).

The wafer-level packaging protects the resonator from contaminants in the envi-
ronment. Harsh post-processing, such as wafer-dicing typically used in semiconductor
post-processing, does not damage the resonator. For the DETF devices, higher than
90% yield is found. The yield loss is mostly due to accumulation of small defects
during the lengthy processing.

Typically, resonators are designed within an 800 pgm by 800 pm area. An addi-
tional 100 um border around the die is allocated as the dicing lane. After dicing,
the roughly 1 mm by 1 mm die are epoxied into an open-lid standard IC package.
Once glued, 50 pym diameter gold or aluminum wirebonds are used to connect the

bondpads on the resonator die to the IC package (see Figure 3.12). The package can
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Figure 3.11: Photograph of a completed wafer containing more than 3,000 resonators.

(A)

Figure 3.12: (A) lmm x 1mm die are singulated after wafer dicing. (B) Resonator die
is bonded to an open lid IC package. (C) Resonator die is wire-bonded to contacts
in IC package.
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then be mounted onto a printed circuit board and is ready for testing. Although the
fabrication time can be lengthy, taking several months to complete, the final packaged

devices are robust and provide a stable environment for testing.

3.2 Fabrication Challenges

Throughout fabrication, there were several new challenges which initially resulted in
critical failures. The majority of the the problems were wafer-level, not resonator-
level problems. As a result, when many of the issues were overcome or minimized the

finished wafers had high part yields.

3.2.1 Membrane Buckling

The overarching problems were the result of stresses developed during thermal oxida-
tion to form the composite. The first problem encountered was deformation/buckling
of the 1st encapsulation layer during thermal oxidation (Figure 3.13). In the original
“epi-seal” of silicon resonators, the 1st encapsulation layer (Figure 3.4) was 2 um
thick. Devices that had large areas, especially larger than the area over the coupling-
beams of the DETF, had large encapsulation membranes suspended over the device.
After oxidation, membranes that had areas of 800 um by 800 pum could buckle as
much as tens of microns.

The solution was two-fold: increase the membrane thickness and limit its area.
The membrane area can be considered as a circular or rectangular membrane that is
clamped on all edges. The deflection of this membrane reduces with the third power
of the thickness and the second power of the smallest span length [95]. By increasing
the thickness by an order of magnitude and limiting the smaller of the two dimensions

of the span to 150 um, the deflection was reduced by several orders of magnitude.
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©)

Figure 3.13: (A) Device with large membrane span prior to thermal oxidation (B)
After oxidation the membrane buckles (C) SEM of device with large membrane
span. The membrane buckled after oxidation. The device undergoes “epi-seal” and
chemical-mechanical polish (CMP).
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3.2.2 Wafer Bowing

The second largest problem was wafer curvature after oxidation. Initially, a silicon
nitride layer was not used to block oxidation on the top surface of the wafer. Prior to
thermal oxidation, the amount of silicon dioxide on the back of the wafer is approxi-
mately matched to the buried silicon dioxide and TEOS silicon dioxide near the top
of the wafer. However, before thermal oxidation, the silicon of the 1st encapsulation
is exposed on the top surface. Since a thick layer of silicon dioxide is exposed on the
backside of the wafer, during oxidation only the top surface is oxidized. This causes
a slight mismatch in the symmetry of the overall stack. Low stress silicon nitride is
deposited to avoid oxidation of the top surface.

Although using silicon nitride to reduce wafer curvature was initially successful
in reducing wafer curvature, subsequent fabrication runs found a second factor in-
fluencing wafer bow - residual stresses developed in polycrystalline silicon. Residual
stresses formed during oxidation of polycrystalline silicon could be due to the dif-
fusion of oxygen along the grain boundaries, especially for long thermal oxidation
times associated with dry oxidation and high phosphorous doped layers [48]. The
thermal oxidation to form a composite resonator occurs in two steps (Section 3.1.6).
In the second step, after the silicon nitride has been plasma etched, a thin thermal
oxidation of approximately 1000 angstroms is performed. Note that the second oxi-
dation will grow thermal oxide on the top surface due to the exposed silicon of the
1st encapsulation. Unexpectedly, 1000 Angstroms of oxide caused many of the wafers
to bow, making further processing difficult. The wafer bow was particularly harmful
on wafers with large areas of polycrystalline silicon. The polycrystalline silicon area
is defined after the TEOS sacrificial silicon dioxide etch which forms the electrical
contacts. The designer has the option of also removing all TEOS that is not covering
the device. During the 1st epitaxial silicon deposition (Section 3.1.4), polycrystalline
silicon grows on top of the TEOS. Limiting the TEOS area will also limit the poly-
crystalline silicon area. Note however, that during TEOS deposition, silicon dioxide
is deposited on both the front and the back of the wafer. If a large portion of TEOS
silicon dioxide is removed from the front of the wafer, it might be necessary to remove

a similar portion from the back of the wafer.
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Plasma Damage Reactive Ion Etch Plasma
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Figure 3.14: During the plasma damage of the silicon-nitride layer, the directional
plasma moves through the vents in the membrane and etches the silicon dioxide
directly under the vents.

3.2.3 Plasma Etch Damage and Other Consequences

After the first thermal oxidation, a plasma etch is used to remove the approximately
0.4 pum of silicon nitride on the top surface of the wafer (Figure 3.14). During oxidation
it is believed that the very top layer of the silicon nitride becomes silicon oxy-nitride.
Precise plasma etching of this layer is difficult due to a lack of etch uniformity - the
center of the wafer tends to be etched faster than the edges- and lack of a precise
etch end-point detector. Since it is crucial that a silicon surface is exposed for the
subsequent “epi-seal” step, the silicon nitride etch will almost certainly be overetched.
As a consequence of this overetch, the directed plasma will enter through the vent
holes and bombard the thermally grown silicon dioxide inside the resonator cavity
directly under the vents. When overetched, the silicon dioxide over the vent can be
completely removed, leaving an exposed silicon surface. Figure 3.15 shows the plasma
damage on the resonator due to the directional plasma etch. Note that an isotropic
etch is more harmful as it will remove the thermal silicon dioxide inside the cavity.
Since some plasma etching is unavoidable during this step, the vents were moved
off of the beam and were placed parallel to the beam but over the electrodes. Since

the thermal oxide on the beam is not attacked, the oxide coating on the beam remains
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Figure 3.15: True-color microscope image of DETF with broken encapsulation. The
silicon dioxide appears pink in the figure. Silicon appears as grey. Damage in the
silicon dioxide is seen in the form of white slots. The white slots, appearing on
the DETF, correspond to arrangement of the vents in the encapsulation above the
device. During plasma etch of the silicon-nitride, directional plasma. attacks the
silicon dioxide. If overetched, the silicon dioxide in the damaged areas is completely
removed, revealing silicon.
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Figure 3.16: During plasma overetch of the silicon-nitride layer, the directional plasma
completely removes the silicon dioxide over the vents and reveals silicon. During “epi-
seal,” silicon is deposited in the cavity at the location of the plasma damage. If the
vents are sufficiently large, during the sealing, silicon plugs form at the site of the
damage. These plugs can grow to completely fill a nearby trench. SEM shows two
plugs under the vents that have mechanically shorted the trenches between the beam
and the electrodes.

symmetric. However, as we will see in Chapter 6, the plasma damage could be causing
unwanted frequency instabilities in the resonator.

The motivation for the second oxidation was the result of a critical failure due
to the overetch of the silicon nitride and thus the exposing of a silicon surface inside
the cavity directly under the vents. During the selective silicon deposition of the
“epi-seal” step, silicon is preferentially grown on top of silicon and not silicon dioxide.

4

During the “epi-seal” step, silicon will grow on the exposed silicon inside the cavity
due to the plasma etch. If the vents are large, silicon plugs can form starting at
the exposed silicon. If the exposed area is close to a definition trench, the plug can
grow to fill the definition trenches such that the devices are mechanically shorted (see

Figure 3.16).
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To avoid this, a thin 1000 Angstrom thermal oxidation is performed at a lower
temperature, approximately 900 °C, to carefully control the growth. Since the oxide
is grown on silicon and is thin, the plasma etch can be optimized to remove this
silicon dioxide without needing an overetch. The etch rate of silicon dioxide on the
top surface of the wafer is faster than inside the cavity. As such, a precisely timed

silicon dioxide etch will leave silicon dioxide remaining inside the cavity.

3.2.4 Composite Dimension Uncertainty

In the creation of “zero-TCf” composite resonators it is essential to know the di-
mensions of the silicon and silicon dioxide portions of the resonator. However, the
fabrication and encapsulation processes makes determining dimensions very difficult.

After the DRIE etch forms the beams of the resonator, the topology of the trench
is not the “ideal” parallel sidewall configuration. Not only is there tapering and
scallops on the sidewalls, the dimensions of these features varies across the wafer by
hundreds of nanometers.

During thermal oxidation to form the composite, some of the silicon in the beam
will be consumed. The amount consumed depends on the crystallographic orientation
of the surface on which the growth is occurring. The top and bottom surfaces of the
beams are <100> oriented, whereas the sidewalls would ideally be <110> oriented.
However due to the tapering and scalloping of the sidewalls, the <110> orientation is
only the nominal orientation. The amount of silicon dioxide grown on these surfaces
also varies, not just due to the scalloping but also the crystallographic preference.

Knowledge of dimensions is further complicated by having no optical access to
the resonators after thermal oxidation since the resonators are “buried” under the
encapsulation. IR imaging does not provide high enough resolution to provide accu-
rate measurements of any of the beam dimensions. Breaking a die to cross-section
the composite can provide reasonably accurate oxide thickness measurements. How-
ever, due to the DRIE, the beam widths across the wafer vary, and thus the ratio
of the bending stiffness will vary from part to part. If an SEM of the part is not

available, the best approximation of the thickness of the silicon dioxide inside the
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cavity is to place a test wafer next to the device wafer during the oxidation. The test
wafer will provide a nominal <100> silicon dioxide thickness that can be measured
on the top surface of the test wafer. To approximate the <110> direction thickness

the Deal-Grove model can be used with modified parameters.

3.2.5 Miscellaneous Problems and Discussion

The initial steps of the “epi-seal” composite encapsulation follow closely those of
the “epi-seal” silicon resonator encapsulation. However, the presence of stresses dur-
ing the thermal oxidation of composite formation required a thicker epitaxial silicon
deposition for the 1st cap and an additional CMP step.

After the “epi-seal” step, the total thickness of the encapsulation is approximately
40 pm. The consequence of such a thick encapsulation impacted every subsequent
fabrication step. The high aspect ratio DRIE etch to form the isolation posts needed
a silicon dioxide hard mask because use of photoresist as a mask resulted in “mouse-
bites.” Even using a hard-mask, the trench width would “blow-out” due to the long
DRIE etch.

A wider isolation trench leads to a thicker LTO deposition for the passivation to
fill the trenches. Thick silicon dioxide layers, greater than 3 um, can be difficult to
etch. Such layers often require thick layers of photoresist whose features are more
difficult to control and could begin to burn due to the lengthy etch times.

Thicker passivation silicon dioxide layers lead to thicker aluminum depositions to
fill the contact openings. As with thick silicon dioxide layer, thick aluminum layers
have similar processing disadvantages. In general, etching of thick, non-silicon, films
are not a standard processes in semiconductor equipment.

Although there is much room for improvement of the “epi-seal” composite process,
many of the issues have been minimized such that high yield composite resonator
wafers can be fabricated and packaged in a clean, hermetic environment, capturing

many of the benefits of the “epi-seal” technology.
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3.3 Summary

In this chapter a modified “epi-seal” process for hermetic vacuum level sealing of com-
posite resonators is described. Flexural and extensional mode single-crystal silicon
resonators were designed. The composite structures were formed using thermal oxi-
dation just after the resonator is released, but before the cavity in which the resonator
resides is sealed using epitaxial polycrystalline silicon. Thermal oxidation from 0.33
pm to 0.42 pm, measured on a <100> silicon surface, formed the composite. The
majority of the modified process is the result of addressing thermal stresses that
formed during the thermal oxidation composite-formation step and ensuring electri-
cal interconnects remain functional. Four inch fully processed wafers with greater
than 90% composite resonator yield were manufactured. The wafers then underwent
harsh post-processing, such as wafer-dicing and wirebonding, to yield 1 mm by 1mm

by 0.6 mm die with encapsulated composite resonators.
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Chapter 4

“Zero-TCt” Resonators

The “epi-sealed” composite resonator combines a CMOS-compatible wafer-level her-
metic packaging technology with a passive temperature compensation scheme. Both
technologies are necessary for silicon resonators to become competitive with the fre-

quency stability of quartz crystal resonators in high precision applications.

Figure 4.1: Singulated composite resonator die next to 0.9 mm pencil lead.

In this chapter the experimental temperature-frequency behavior of “epi-sealed”

composite resonators is presented. A composite resonator with the ideal ratio of
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Figure 4.2: Test setup for measuring frequency-temperature behavior of composite
resonators.

silicon to silicon dioxide is demonstrated. This resonator exhibits approximately 150
ppm of frequency variation over a 125 °C temperature range. This level of frequency

variation is comparable to that of quartz crystal resonators.

4.1 Composite Resonator Testing

A resonator is typically part of the oscillator architecture which forms a frequency
reference. However, to determine the natural frequency of the resonator it is not
necessary to build the entire oscillator architecture. Instead, the resonator can be
treated as a dynamic system whose frequerncy response can be obtained by applying
a known input forcing function. The frequency of the input forcing function can be
swept using a network analyzer. In this section, the testing environment which is

used to obtain the frequency-temperature behavior is described.
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Figure 4.3: Transimpedence amplification circuit diagram.

The key components of the experimental setup are (see Figure 4.2):

1. A composite resonator die attached to an open-lid IC package and wirebonded.
The resonator requires a bias voltage, an AC input voltage from a network
analyzer, and a ground line for operation. The output of the resonator is an

oscillating current (see section 1.2.1).

2. A transimpedance amplifier board which converts the output current from the
resonator to an amplified voltage signal (Figure 4.3). The AD8022 is low-noise
amplifier. The second transimpedance amplifier is used as an inverting buffer

to revert the phase shift associated with the first amplifier.

3. A network analyzer provides the AC voltage to the resonator and sweeps the
frequency of that input in a specified frequency range. This input forcing func-
tion is then compared to the amplified output of the resonator. The network
analyzer supplies an adjustable AC voltage to the resonator. Two types of
network analyzers were used, Agilent 4395A and Agilent 8753ES.

4. A power supply to provide the bias voltage to the resonator.
5. A temperature control chamber.
6. A temperature sensor with high resolution placed close to the resonator.

7. A GPIB enabled computer for experiment control and data gathering.
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@ )

Figure 4.4: (A) An IC packaged resonator mounted to a PCB. PCB is mounted upside-
down to protect the resonator. (B) Multiple resonators can be serially monitored
during a given experiment using a multiplexer.

8. (Optional) A multiplexer to monitor the frequency of multiple resonators inside
the temperature control chamber. In the multi-resonator setup, the multiplexer
is used to actuate one resonator at a time. To minimize the noise introduced
by the multiplexer, each resonator had a dedicated amplifier board and only
the bias voltage and the amplified resonator response was passed through the

multiplexer.

At the desired measurement temperature, the oven is stabilized to within £0.1 °C
at higher temperatures and + 0.5 °C at temperatures below zero. However, at low
temperatures the AC voltage is reduced to avoid driving the resonator in a nonlinear
regime. Figure 4.5 shows the frequency response of the resonator recorded by the
network analyzer. The frequency at maximum amplitude is recorded as the resonant
frequency of the resonator, f,. The quality factor of the resonator is found using the

following relation (see Figure 4.5):

Q= fo

N f—3dB

(4.1)
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Figure 4.5: Frequency response of a 1MHz composite resonator using a network
analyzer.

4.2 “Zero-TCf” Composite Resonators

In section 2.2 we found that the ideal ratio of silicon to silicon dioxide for a composite
resonator to become insensitive to temperature changes is:

* _TCfl,SZ'02

rt =

~ 3 4.2
TC s (42)

For flexural mode resonators the ratio of interest is the ratio of bending stiffness of
each material’s section of the beam. For extensional mode resonates the ratio is the
ratio of axial stiffness of each material’s section in the beam. To minimize the amount
of silicon-dioxide in the composite, the ideal construction is a flexural-mode silicon
resonator with a silicon dioxide coating. The fabrication and packaging process for
these resonators was described in Chapter 3. Two flexural mode resonators, a double-
ended tuning fork resonator and a wine-glass ring resonator, as well as a extensional-
mode ring were fabricated and tested. Due to the large uncertainty in the material
properties of silicon-dioxide, different bending stiffness ratios were achieved by varying

the width of the beam while the thickness of the oxidation was constant per wafer.
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Figure 4.6: Microscope image of a DETF resonator.

The results presented use oxidation thicknesses from 0.33 pm to 0.42 pum measured

on a <100> oriented silicon wafer.

4.2.1 Double Ended Tuning Fork Resonators

Identical DETF resonators with widths varying from 4 ym to 8 um by 0.25 um in-
crements were designed such that the beams of the resonator were aligned with the
<110> direction in the silicon crystal. These resonators were thermally wet oxidized
with approximately 0.43 pm of silicon dioxide measured on the <100> surface. Al-
though the actual beam width is not known due to the encapsulation, the initial
beam width is approximated using SEM measurements of a similar test wafer after
the definition etch. The width of the beam was found to be approximately 0.3 um
thinner than lithographically defined. The sidewall oxidation thickness can be ap-
proximated using the Deal-Grove model ([75]). However a small portion of the wafer

was cross-sectioned for SEM. Approximately 0.48 pym of thermal oxide was grown on
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Figure 4.7: Frequency-temperature behavior of composite DETF resonators with
varying bending stiffness ratios.

the <110> sidewalls of the resonator. In determining the bending stiffness ratio, it
was assumed that in the process of thermal oxidation the amount of silicon consumed
is approximately 46% of the total thickness of the thermal oxide grown ([75]).

Figure 4.7 is a plot of frequency-temperature behavior for the beams of varying
ratio r. The bending stiffness ratios were determined by using Young’s Modulus
values of 169 GPa and 71 GPa for <110> single crystal silicon and silicon-dioxide,
respectively. The minimum frequency variation is seen for a ratio of approximately
2.9.

Using figure 4.7, the linear temperature coefficient of frequency at 25 °C can be
found by taking the slope of the frequency-temperature behavior at 25 °C. Figure
4.8 shows the T'C f1(25°C) of each resonator in figure 4.7. The figure also plots the
expected value of TC f1(25°C) using the analytical equation found in Chapter 2. The
solid theory line uses the average value of silicon-dioxide temperature coefficient of
Young’s Modulus from the values found in literature, TCE; g;0, = 183 ppm/°C. The
dashed lines indicate the £29 ppm/°C single standard deviation of TCFE; g0, found
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Measured frequency-temperature behavior of a silicon resonator and a

composite resonator with ideal bending stiffness ratio compared to expected frequency
behavior of quartz crystal resonators of two popular cuts.



CHAPTER 4. “ZERO-TCF” RESONATORS 80

i . T= 10(?°C
2 2.5 3 3.5 4 4.5
Bending Stiffness Ratio , r = Bsi/Bsio:

Figure 4.10: Linear temperature coefficient of frequency at 25 °C and 100 °C for
varying bending stiffness ratios. The ideal ratio at which T'C f; is zero changes with
temperature.

in literature. The behavior is consistent with expected results within the uncertainty
due to material properties. The device closest to zero temperature coefficient of
frequency at 25 °C has a ratio of 2.9.

Figure 4.9 shows comparison of frequency temperature behavior for four differ-
ent resonators: a silicon resonator, an ideally compensated (at 25 °C, r=2.9) com-
posite resonator, a watch-grade quartz crystal tuning fork, and an AT Cut quartz
crystal. The composite resonator shows a quadratic temperature dependence. The
maxima, where the slope is zero, is the turnover temperature, 7,,. At this tempera-
ture the linear temperature dependence is cancelled - leaving only higher order terms.
A parabolic behavior indicates that there are significant quadratic dependencies on
temperature.

If the linear temperature coefficient of frequency is extracted at 100 °C, T'C f,(100°C),

from Figure 4.7 we see a translation of the TCf curve (Figure 4.10). The resonator
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Figure 4.11: Tuning of turnover temperature to be at the desirable operating tem-
perature.

with the “zero-TCt” at 100 °C has a ratio of 2.5. This indicates that the linear temper-
ature dependence can only be cancelled at a particular temperature with a particular
ratio. For example, to use a resonator in a oven controlled system, it would be desir-
able to design a resonator with a turnover temperature at an elevated temperature
at which the oven will operate.

Figure 4.11 shows the frequency temperature behavior of the resonators with
bending stiffness ratios close to 3. Slight changes in the ratio result in a translation
of the turnover temperature. The resonator can be designed to match the operating
temperature conditions of a particular application. This is similarly done in quartz
crystal resonators where the resonator used in wrist watches has a turnover temper-
ature designed to be at the temperature of human skin. The non-linear behavior of
the composite resonator will be discussed in more detail later in the chapter.

It is interesting to note that resonators with beams oriented along the <100>

direction will have a lower Young’s Modulus than those oriented along the <110>
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Figure 4.12: the linear temperature coeflicient of frequency at 25°C versus the post-
DRIE silicon beam width (prior to oxidation and corrected for etch). Data from
<110> oriented DETF from Figure 4.8 is re-plotted using beam width. Data from
<100> oriented DETF is shown for comparison.

direction in the silicon crystal. The <100> and <110> Young’s Moduli are approxi-
mately 130 GPa and 169 GPa, respectively. Thermal oxidation of the <100> sidewalls
in the <100> oriented DETF will also be smaller. However, for a given beam width,
the overall bending stiffness ratio of the <100> oriented DETF will be smaller com-
pared to the <110> oriented DETF. This indicates that <100> DETF will have a
more positive TCf for a given beam thickness. The implication is that wider beams
can be ideally compensated when they are aligned with the <100> crystallographic
orientation. DETF resonators with beams oriented along the <100> direction were
fabricated on the same wafer as the <110> oriented DETF resonators previously pre-
sented. All resonators were thermally wet oxidized with a 0.42 um of silicon dioxide
measured on the <100> surface. A comparison of the linear temperature coefficient

of frequency at 25°C for the two orientations is shown in Figure 4.12.
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Figure 4.13: Double ring resonators whose flexural-mode frequencies are matched to
the first flexural mode of the DETF. The DETF acts as the connector to the anchor
to minimize anchor loss from the vibration of the ring.

4.2.2 Flexural Mode Ring Resonator

Double ended tuning fork resonators provide an exceptional platform for testing com-
posite flexural mode resonators. However, one of the disadvantages of flexural beam
resonators is their inability to scale to higher frequencies. The DETF resonators ex-
plored in the previous section were in the hundreds of kHz to 1.5 MHz range. One
straight forward way to scale frequency is to build flexural mode ring resonators with
small radius. Unlike tuning fork resonators, the ring resonators can be coupled using
an array to improve power handling in a more straightforward way [69)].

To prototype composite ring resonators, the resonators were designed in the same
frequency range as the DETF’s. Operating in this lower frequency range eliminates
the need for the associated complex high-frequency measurement setup due to a lower
output signal from the resonator.

Another element in the design of the ring resonator was the configuration of the
connections to an anchor. To reduce anchor loss, and thus increase the quality factor,
higher frequency ring resonators are typically connected to an anchor using a mode
matched quarter wavelength support at the nodal point of the ring’s vibration [1, 60,
93]. However, for lower frequency ring resonators, the length of the stem becomes long
and thus has many lower frequency modes of vibration. To overcome this problem, the

connection to the anchor was designed as a double-ended tuning fork. The frequency
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of the beams of the turning fork were designed to match to the flexural mode of the
ring resonator (Figure 4.13).

If the resonator’s material were isotropic and the connecting design was a simple
clamped-clamped beam, the length of the beam could be simply determined by setting
the ring’s flexural mode frequency (2.24) to the beam’s flexural mode frequency (2.19)
and solving for the length of the beam. This would be particularly simple if the
width of the beam and ring were identical such that the bending stiffness, and thus
temperature coefficient of frequency, were identical. However, the anisotropic nature
of the elastic properties of silicon as well as a complex tuning fork geometry make a
simple analytical mode matching relationship insufficient. A finite element analysis
is necessary to determine the exact length of the tuning fork beams. For example,
the frequency of a DETF resonator is approximately 10% less than the frequency of a
clamped-clamped beam resonator with a length identical to the beams of the DETF.
This is due to the contribution of the coupling beams to the overall stiffness of the
DETF.

The designed ring resonators, shown in Figure 4.13, all had identical ring radii of
70 pm, while the ring width was varied. The width of the DETF beams were matched
to the width of the ring resonator. However, the length of the DETF was determined
using a finite element analysis software, COMSOL, to match the frequencies. The
rings were oxidized with a 0.35 um of silicon dioxide using dry thermal oxidation.
The frequency-temperature behavior of the ring resonator is shown in Figure 4.14.

Due to the anisotropic nature of silicon, the simple relationship for the flexural
mode found in equation 2.32 does not hold. The fundamental equation for the ratio,
from equation 2.30, must be used to compare the ratio of mass and frequency. A
finite element analysis is performed to determine the bending stiffness ratios. In figure
4.14, the resonator with a bending stiffness ratio of 3.0 has a turnover temperature
of approximately 70 °C. The bending stiffness ratio is determined by using a 0.3 pm
reduction in the width of the ring due to DRIE etching as well as a further silicon

width reduction due to consumption during oxidation of 46% of thickness of silicon
dioxide ([75]).
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Figure 4.14: Frequency-temperature behavior of flexural-mode ring resonators with
varying bending stiffness ratio. The frequency of the rings varied from 746 kHz to
1.54 MHz.
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Figure 4.15: Double ring extensional-mode resonators with a stem anchor. The stem
anchor is mode matched to the extensional frequency of the ring.

4.2.3 Extensional Mode Ring Resonator

Higher frequencies can also be achieved by designing bulk-mode resonators. There
are many different types of bulk modes, such as extensional mode, breathing-mode,
and Lame resonators. As derived in chapter 2, bulk mode resonators tend to require
a thicker silicon dioxide layer to achieve “zero-TCt” because their ideal ratio depends
on the ratio of cross-sectional area. However, modest improvement in the frequency-
temperature variation for bulk mode resonators can be achieved.

An extensional mode ring resonator was designed, as shown in Figure 4.15. The
two rings are connected to a center anchor by mode-matched stems. The inner and
outer electrodes are designed such that the area of electrostatic actuation is identical.
This allows driving the resonator in differential mode to improve the signal to noise
ratio. The radius of the ring is 69 ym and the width of the ring is 10 gm. To vary the
cross-sectional stiffness ratio, the width of the ring could be varied. Unfortunately,
only the 10 pym ring width was available for testing.

The frequency-temperature behavior comparison of a silicon and a composite ex-
tensional ring resonator is shown in Figure 4.16. The composite resonator has a 0.35
pum of oxide on the <100> crystallographic surface. The composite shows a 30 %
reduction in the linear temperature coefficient of frequency.

Due to the anisotropic nature of silicon, the simple relationship for the extensional
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Figure 4.16: Frequency-temperature behavior of extensional mode resonator. The
frequency of the silicon resonator and composite resonator is 19.8 MHz and 19.3
MHz, respectively.
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mode found in equation 2.32 does not hold. Instead, the fundamental ratio (equation
2.30) which depends on mass and frequency must be used. A finite element analysis

was used to determine the stiffness ratio for the resonator in figure 4.16 as 17.87.

4.3 Higher Order Effects

The use of silicon-dioxide has been shown to successfully cancel the linear temper-
ature coefficient of frequency at a particular temperature, thus creating “zero-TCf”
resonators. The resulting “residual” frequency-temperature behavior can be approx-
imated by a quadratic function with temperature. In this section, we explore the
various higher order properties that could result in this quadratic behavior and find
that the quadratic temperature coefficients of Young’s Modulus are primarily respon-
sible for this behavior.

The quadratic temperature coefficient of frequency determined at the turnover
temperature can be extracted from the experimental data. The T'C f, extracted from
composite DETF resonators in the <110> and <100> orientations is shown in figure
4.17. The linear change in the quadratic temperature coefficient of frequency indicates
that there are other higher order temperature coefficients.

The quadratic temperature coefficient of frequency, T'C fo, for a composite res-
onator has an analytical form similar to the linear temperature coefficient of frequency,
TCf,, found in Chapter 2, equation 2.29.

TC fa5i0, +TTC fa 55
1+7r

In equation 4.3, the ratio r (see equation 2.30) has been previously defined. For

TCfZ 'Composite ~ (43)

flexural mode resonators, r is the ratio of bending stiffness. Ignoring the effects of
electrostatics, the quadratic temperature coefficient of frequency for a single material
is (see equation 1.35):

10«

1
TCfZISingleMaterial ~ ETCE2 + Z‘a“f (44)
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Figure 4.17: Quadratic temperature coefficient of frequency of composite DETF res-
onators evaluated at the turnover temperature. Data for DETF oriented along the
<100> and <110> direction with respective linear fit.
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The derivation of equation 4.3 can be found by careful differentiation of the equa-
tion of frequency (equation 2.19) and setting higher order terms to zero. Higher
order terms are a result of cross multiplication of the linear temperature coefficients
of the material properties. Another simplistic approach is to take the temperature
derivative of the linear temperature coefficient of frequency for a composite (equation
2.29). This also will yield equation 4.3, and intrinsically assumes there is no cross
coupling between the two materials. Since these equations are approximations, in
the following sections we will examine their validity in explaining the higher order

temperature effects.

4.3.1 Effect of Linear Material Properties

We begin by examining the approximation of the quadratic temperature coefficient
of frequency of a single material resonator. The error in equation 4.4 is dominated by

the nonlinear dependence on the linear temperature coefficient of Young’s Modulus.

TCE?
8

This indicates that even for perfectly linear materials (TCE; = 0, g—;’i = 0), the

quadratic temperature coefficient of frequency is not zero. This originates from the

TCf2,e'r'ror'SingleMaterial ~ — (45)

non-linear dependence of frequency on Young’s Modulus. For a single material silicon
resonator or silicon dioxide resonator, this error corresponds to approximately -0.5
ppb/°C? or -4 ppb/°C?, respectively.

The error in the quadratic temperature coefficient of the composite, equation 4.3,
is bounded, but the equations are generally long and best evaluated computationally.
Figure 4.18 shows how the error changes with the ratio, r. As more silicon dioxide
is added and r approaches zero, the error can be approximated as —TCE% si0,/8 If
the ratio approaches infinity, or a silicon beam, the error can be approximated as
—TCE% gi/8. At the ideal ratio, the error is at a minimum at approximately -0.07
ppb/°C2.

It is important to note that part of the error shown in Figure 4.18 is due to the
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Figure 4.18: Nonlinear dependence of quadratic temperature coefficient on linear
material properties.

dependence of r on the temperature. The effect of this on the T'C' f5 of the composite
goes to zero as r approaches zero and as r approaches infinity. Since the quadratic
temperature coefficient of frequency measured at the turnover temperature, and thus
at the ideal ratio, is much larger than the error in this analysis, it is a misconception
that the quadratic frequency-temperature dependence of the composite is primarily
due to the ratio,r, changing with temperature. It is interesting to note that the

temperature coefficient of r can be approximated by taking the temperature derivative

of equation 2.30:

TCr = 2(TCf1si — TC f1.5i0,) =~ -240 ppm/°C? (4.6)

However, the cross-multiplication of the TCr with other temperature coefficients
of frequency reduces its effect on the overall quadratic temperature coefficient of fre-
quency. Since the effect of the temperature dependence of r and nonlinear dependence
on the linear temperature coefficients do not account for the measured TCf;, in the

following section the effect of nonlinear material properties will be explored.
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4.3.2 Effect of Nonlinear Material Properties

Effects that are on the order of parts per billion (ppb) can be difficult to capture.
However, the contribution of several factors can be estimated. For example, the
nonlinear coefficients of thermal expansion for silicon and silicon dioxide can be found

in the literature [32]:

asi = 26(57) + 8.66(5%2) (T — 25) — 3.44(-0”—5%) (T — 25)? (4.7)
sio, = 0.583(%) + 0.317(%)@ —25) — 1.034(%)@ — 25)?2 (4.8)

The effect of these nonlinear coefficients of thermal expansion on the dimensions

of the resonator can be found as:

L=IL(T,) (1 + / OTW a(T)dT) (4.9)

Where L in equation 4.9 is some characteristic dimension. If the Young’s Moduli
were assumed to be linear, but the coefficients of thermal expansion were allowed to
vary nonlinearly, the effect on the quadratic temperature coefficient of frequency is
found to be approximately 1.5 ppb/°C2. Since the Young’s Modulus of silicon is known
to have a much larger quadratic temperature coefficient, approximately -56 ppb/°C?,
it is hypothesized that the quadratic temperature dependence of Young’s Modulus
dominates the quadratic temperature coefficient of frequency. Unfortunately, only a
single literature value for the quadratic temperature coefficient of Young’s Modulus
for fused quartz was found, approximately -137 ppb/°C? [61].

The measured quadratic temperature coefficient of frequency for the composite
oriented along the <110> and <100> direction was found to be approximately -21
ppb/°C? and -25 ppb/°C? at 25 °C, respectively. It is interesting to note that the
measured quadratic temperature coefficient of frequency of silicon oriented along the
<110> and <100> directions is -26.4 ppb/°C? and -32 ppb°C? at 25 °C, respectively.

The difference in the T'C f, for silicon in the different orientations is currently not
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explained by using the published temperature coefficients of elastic constants of silicon
by Bourgeois et al. [15]. Since the composite quadratic temperature coeflicient of
frequency will depend on a combination of silicon and silicon dioxide properties,
this indicates that silicon dioxide could have a more positive quadratic temperature

dependence than silicon.

4.3.3 Extracting Temperature Dependent Properties

One of the ways to extract the temperature dependencies of silicon dioxide is to fit the
temperature dependence of the ideal ratio. The ideal ratio is defined at a particular
temperature, the turnover temperature (7,,) to be exact. From chapter 2 the ideal

ratio is given by:

_ TChgsioly,

S 4.10
" |T’” TC f1,s: ( )

Iz,
The linear temperature coefficients of frequency in equation 4.10 can be written

in terms of the linear and quadratic temperature coefficients at room temperature
(To):

f 1 Ta
Q—%) (TCfl,sl-oﬁ |y +2TC f5004] 7. (T — To)>

T*lT =
" Fsi(To)
(fssi(T'm)> (TCf 1sil g, +2TC fasil g, (T = To))

(4.11)

The frequency fractions in equation 4.11 can also be expanded using Taylor expan-
sion such that equation 4.11 is only a function of the linear and quadratic temperature
coefhcients of silicon and silicon dioxide. The values for the silicon temperature coefh-
cients ( TC f1,6:, <110 =~ -31.4 ppm /°C, TC f5 55 <110> =~ -26.4 ppb/°C?) were previously
extracted from silicon resonator measurements. Using the data from composite res-
onators next to each other on the wafer, such as shown in Figure 4.11, the turnover

temperature versus the ideal ratio (r*) can be fit to using equation 4.11 (Figure 4.19).



CHAPTER 4. “ZERO-TCF” RESONATORS 94

: ‘ : : ® nominal r
= = = Curve Fitting||

|99
T
'4

L
T

;
i

9
=
i

4
s
®

A

Ideal Bending Stiffness Ratio, r
o b
~I1 o o)
'
2

)
>
T

’
z
L

ro
in
T
1

-20 0 20 40 60) 80 100
Turnover Temperature, T (°C)

Figure 4.19: Ideal ratio versus turnover temperature and fit.

The extracted T'C f1 sio, is 90 ppm/°C with 95% confidence bounds of 87.7 ppm/°C
to 92.4 ppm/°C. Using the literature value of 0.58 ppm/°C for the thermal expansion
of silicon dioxide at room temperature, the nominal TCE; g;0, is 179.4 ppm/°C. Note
that an uncertainty in the actual ratio of approximately + 3%, which is discussed in
section 4.4, will further increase the uncertainty in the extracted TC'F values by ~ =+
3% or & 5.4 ppm/°C.

The extracted TC f; gi0, value had a large range with a nominal value of +12.6
ppb/°C? and 95% confidence bounds of -13.4 ppb/°C? to +38.6 ppb/°C?. The TCE; g0,
is approximately twice the extracted T'C f; s;0,, and is also widely varying. Although
these values are more positive than the T'C f, of silicon, as the measurements predict,
the exact value could not be extracted. In exploring the cause of this variation, it is
interesting to note that the change of the ideal ratio, r*, over turnover temperatures
(Figure 4.19), can be a approximated by a line. In doing so, a simplified analytical

expression for the temperature coefficient of the ideal ratio can be expressed as:
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1 or* TCfy s TCfasi
TOr = =97 e 2( fosi0,  TCfos ) (4.12)
r* 0T TC fi,si0, TCf1,s
Rewriting the equation to solve for the properties of silicon dioxide:
TC fys; TCr* TCfas;
fz,S 02 _ T f2,S (4.13)

~ +
TC f1,5i0, 2 TCfsi

Within 95% confidence bounds, the TCr* is between -.09% to -0.2%. The ratio of

TCfs 5i
P TCfy,8:

measurements, is approximately 0.05%. By comparison to %TCr*, small variation in

the silicon temperature coefficients in equation 4.13 , extracted from previous
the slope of T'Cr* result in large variations from positive to negative in the ratio of the
silicon dioxide temperature coefficients. One interpretation of this result is that the
quadratic temperature coefficients of silicon material properties are dominating and
making extraction of the quadratic temperature coefficients of silicon dioxide material
properties difficult.

It is important to note the temperature coefficient of the ideal ratio, TCr*, is
approximately 4 to 8 times larger than the temperature coefficient of the ratio, r,
found in in the previous section (T'Cr =~ -242 ppm/°C). The implication is that the
higher order material properties, particularly the quadratic temperature coeflicients
of Young’s Modulus, are determining the tunability of the turnover temperature as

well as the quadratic frequency-temperature behavior of the composite resonator.

4.4 Effect of Fabrication Variation

The variation in frequency of identical DETF resonators across a 4” wafer was mea-
sured to be approximately 2%. It is believed that this variation is due to manu-
facturing variations, particularly during the lithography and deep reactive ion etch
definition of the resonator. Variations in the width of the beams and the thickness
of the oxide would lead to a variation in the ratio, r, and thus result in a different
turnover temperature. By examining the turnover temperatures across the wafer, we
find that lithographically identical resonators have different turnover temperatures

(Figure 4.20). For example, resonators with an approximated ratio of 2.55 have a 50
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Figure 4.20: Turnover temperature plotted for lithographically identical <110> ori-
ented DETF resonators.

°C variation in the turnover temperature .

A correlation can be established between the frequency of the DETF and it’s
turnover temperature. Simply, a thinner beam width, results in a lower frequency, a
lower ratio of silicon to silicon dioxide bending stiffness, and thus a higher turnover
temperature. Assuming material properties are constant across the the wafer, the

variation in the bending stiffness ratio is can be approximately defined as:

or or 2 or 2 Or 2
7 = \/(awSi(SwSi) + (8h515h51) + (5t5¢02 5t5¢02> (4.14)

where wg; and dwg; are the silicon beam width and variation, hg; and dhg; are

the silicon beam height and variation, and ¢s;0, and 6ts;0, are the silicon dioxide
thickness and variation. Evaluation of equation 4.14 is best done with a computer
since there are many cross-coupling terms. However, a rough approximation yields

that the variation is primarily proportional to the variations in the silicon width and


file:///dhsi
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silicon dioxide thickness:

or \/<5w5i>2 + (‘%51'02)2 (4.15)
T Ws; t8:0,

To account for this dependence, the average frequency of lithographically identical
DETF resonators was found. Deviation from the average frequency was assumed to be
due to only width variations. The width and corresponding ratio, r, was determined
and the data replotted with new ratio values (Figure 4.21). A £ 2% variation in the
width accounts for approximately 42.2% of variation in r. However, if both the width
and silicon dioxide thickness are allowed to vary by +2%, then r can vary as much as
+3.3%. This type of variation could account for the 50 °C variation in the turnover
temperature observed. If the silicon beam width and silicon dioxide thickness could
be controlled to within +1% of a nominal value, the resulting variation in the ratio
r would be approximately +1.6% and the resulting turnover temperature variation
would be approximately +10°C.

The ability to design resonators with a turnover temperature at an elevated tem-
perature is very desirable for integration with oven control temperature compensation
techniques. In oven-controlled compensation, maintaining the temperature of the res-
onator at the turnover where the linear temperature coefficient of frequency is zero
can further improve the temperature-frequency stability.

For example, if a silicon resonator were maintained within + 0.1 °C around a nom-
inal temperature, then the error in frequency would be within +3 ppm due to the
approximately -30 ppm/°C linear temperature coefficient of frequency. By compar-
ison, if a silicon-silicon dioxide composite resonator were maintained within +0.1C
of its turnover temperature, the resulting error in frequency would be +0.1 ppb due
to the -20 ppb/°C? quadratic temperature coefficient of frequency. In practice it
might be diflicult to operate at the idcal temperature unless each device is calibrated
over temperature to determine its turnover. This type of calibration can be costly,
and operation away from the ideal temperature might be necessary. If the turnover

temperature variation across the wafer is large, the £0.1 ppb frequency stability is
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Figure 4.22: Oven-control of composite resonator away from turnover temperature
leads to reduced frequency stability.

difficult to achieve.

How much error would result from operating the resonator with a AT,f ¢ from
the oven temperature set point by using a temperature controller capable of main-
taining the resonator within £7,,,ro of the oven set point (see Figure 4.22)7 Figure
4.23 compares the frequency stability versus temperature controller capability for a
silicon resonator and three composite resonators with turnover temperatures at dif-
ferent AT, s from the oven set point. To be competitive with the oven-controlled
crystal oscillator (OCXO), the frequency stability must be less than 0.01 ppm. An
oven controlled silicon resonator can not be competitive with an OCXO even with a
milliKelvin precision temperature controller. Most commercial temperature sensors
will not be able to control the temperature to better than +0.1 °C. To be competitive
with an OCXO, a non-calibrated wafer will need to have less than &+ 1°C variation in
turnover temperature. Since that is not currently feasible, a wafer with 4 /- 10 °C vari-
ation in turnover temperature would need temperature control of approximately 0.01
°C. Although this is not possible with commercial temperature sensors, this level of

temperature control has been recently shown by using the resonators as temperature
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Figure 4.23: Achievable frequency stability for oven-compensation of composite res-
onators away from the turnover temperature.
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sensors [44].

4.5 Summary

Flexural mode and extensional mode composite resonators were tested over more
than 150 °C temperature range. “Zero-TCf” flexural mode composite resonators were
demonstrated with frequency variations of less than 200 ppm over a -55 °C to 125 °C
temperature range. The linear temperature coefficient of frequency was found to be
zero at a particular temperature - the turnover temperature. The resulting frequency-
temperature behavior was characterized by a quadratic temperature coefficient of fre-
quency of approximately -20 ppb/°C?. By examining the mechanisms contributing to
this higher order behavior, it was determined the the quadratic temperature coefhi-
cients of the Young’s Modulus are primarily responsible. Small modifications in the
ration of composition of the silicon to silicon dioxide portions of the resonant struc-
ture were found to translate the turnover temperature. Resonators with turnover
temperatures at high temperatures, greater than 100 °C, are beneficial for combining
with active oven-controlled compensation schemes to further reduce the frequency
sensitivity. However, variations in manufacturing resulted in large variations in the
turnover temperature for identically designed resonators. This variation constrains
the type of thermometry necessary for oven control such that a temperature sen-
sor with better than 0.1 °C resolution is needed to attain OCXO levels of frequency
stability.
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Chapter 5
Stability of Composite Resonators

The development of composite resonators was motivated by the need for temperature
stable silicon-based resonators. As discussed in Chapter 1, temperature stability is
just one of the requirements for a frequency reference [89]. Other critical factors
include long term frequency stability, phase noise, vibration and shock sensitivity,
and stress sensitivity.

In this chapter we will primarily focus on long term frequency stability and factors
influencing the phase noise in composite resonators. Vibration and shock sensitivity
for composite resonators should be very similar to vibration and shock sensitivity
of similarly designed silicon resonators [4, 44|, since the sensitivity to acceleration
has not been significantly modified. However, the introduction of the silicon dioxide
around the silicon resonator necessitates a re-examination of the effect of this dielectric

coating on the long term stability and phase noise in this new architecture.

5.1 Short Term Stability

Phase noise is a measure of short term frequency stability of a frequency reference.
At frequencies far from the carrier (the frequency of the resonator) the phase noise
can be described by the ratio of the current noise density to the current generated by

the resonator [59].

102
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L(f) = 20log( In ) (5.1)

Z’I"ES

The current noise density, 4,, is determined by the electronics in the oscillator,
such as the noise of the first stage amplifiers. For low-noise amplifiers, 4, is in the
range of picoAmperes. The current generated by the resonator, which is measured by
the network analyzer at the output electrode, has a fundamental dependence on the
quality factor of the resonator and the effectiveness of the electrostatic transduction.
Increasing the current generated by the resonator, also referred to as current han-
dling, is a central issue in the commercialization of silicon resonators for large volume
applications, such as wireless communication.

The current generated by the resonator can be described in terms of a motional

resistance, R, [58]:

Uac
'res = 5 5.2
s = (5.2
where
2m fm
R, = 5.3
Qn? (5.3)

In equation 5.3, f is the frequency of the resonator, m is the mass, @) is the quality
factor, and 7 is the electrostatic transduction factor defined as:
oC

= Viias— 5.4
1= Voias (5.4)

In equation 5.4, V};,, is the bias voltage applied to the resonator, C is the capacitor
formed between the resonator and the electrodes, and v is the displacement of the
resonator. Phase noise and the effects of nonlinearities in electrostatically transduced
silicon resonators have been studied in depth [3] [47]. In this section we will look
at the effect of the silicon dioxide dielectric coating on critical parameters such as
the quality factor and transduction factor which determine the power handling of the

resonator.
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5.1.1 Composite Quality Factor

As discussed in Chapter 1, the quality factor in double ended tuning fork resonators
in low-pressure environments is dominated by thermoelastic dissipation (TED) [21],
[23]. Thermoelastic dissipation is an energy loss mechanism caused by interaction
of thermal modes and mechanical modes formed during vibration of the resonator.
Strain gradients formed during resonator vibration result in thermal gradients due to
the compression and tension of the crystal lattice. The resulting heat conduction is
an entropy generation process that results in energy loss in the resonator.

Although the full derivation of the quality factor in single material or composite
resonators is beyond the scope of this work, quality factor measurements of single
crystal silicon and composite silicon-silicon dioxide resonators are compared in this
section. Double ended tuning fork resonators were designed such that the width of
the resonator beam is kept constant at 10 um and the length of the resonant beam
is varied from 220 pum to 395 pum. At each unique length, silicon resonators and
identically defined composite resonators with a 0.42 um of silicon dioxide coating
were measured.

Keeping the width of the resonator constant ensures that the thermal modes of the
resonators are identical. However changing the length of the resonator will change
the frequency of vibration. In doing so, the interaction between the thermal and
mechanical mode is varied. The lowest quality factor is attained when the overlap
between the thermal and mechanical modes is maximized.

To remove the effect of gas damping by the residual gas in the cavity, after com-
pletion of the encapsulation, a focused ion beam was used to break into the cavity of
the resonator and expose it to the environment (Figure 5.1). The packaged and wire-
bonded die were then placed in a vacuum chamber where the frequency and quality

factor were measured using a network analyzer as described in Chapter 4. The mea-
sured quality factor of composite resonators is generally higher than silicon resonators
by 15% to 50% (Figure 5.2).

The entropy generated due to thermoelastic dissipation also depends on material
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Figure 5.1: Focused Ion Beam (FIB) opening of resonator cavity to expose resonator
to the environment.
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Figure 5.2: Comparison of quality factor measurement for various silicon and com-
posite resonators.
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properties. For a single material resonator, the entropy is proportional to [23]:

o’ B?

Cy

S

(5.5)

In equation 5.5, « is the coefficient of thermal expansion, B is the bulk modulus,
and c, is the heat capacity per unit volume of the material. The coefficient of thermal
expansion for silicon is approximately 4.5 times larger than silicon dioxide. The Bulk
modulus of silicon is approximately 2.5 times larger. The heat capacity of silicon is
0.4 times that of silicon dioxide. For identically designed silicon and silicon dioxide
resonators, the quality factor of the silicon dioxide resonator would be 300 times larger
than silicon. Since the thermal-mechanical properties of crystalline quartz are similar
to amorphous silicon dioxide, quartz crystal resonators have been manufactured with
quality factors of up to 1 million [90]. It is hypothesized that the addition of silicon
dioxide to the resonator structure improves the quality factor of the resonator due to

the reduced thermal expansion and bulk modulus of silicon dioxide.

5.1.2 Electrostatic Transduction in Composite Resonators

Increasing the electrostatic transduction in MEMS resonators results in reduced mo-
tional resistance, increased current handling, and thus reduced phase noise. In silicon
resonators the electrostatic transduction factor depends on the capacitor formed be-
tween the moving structure and the sense electrode (see equation 1.3). Taking the
derivative with respect to displacement of equation 1.3, assuming small deflections,
and ignoring higher order terms, the electrostatic transduction factor for a single
material resonator is:

€oe

n~ V;)ias—gz_ (5.6)

In equation 5.6, ¢, is the permittivity of free space, A. is the electrostatic area,
and ¢ is the gap between the resonator and electrode. Following a similar analysis

as presented in Chapter 1, the electrostatic system for a differential element of the
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Figure 5.3: Differential element of composite flexural mode resonator and electrodes.
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composite resonator is shown in Figure 5.3.
The capacitors that are formed between the resonator and the electrodes are
described by:

1 (g—1.08)+v(2) 2t

a(v) e hdx T Eokioz AT (5:7)
1 (g—1.08t) —v(z) 2t

co(v) e hdzx + EokoxhdT (5-8)

In equations 5.7 and 5.8, g is the electrostatic gap prior to thermal oxidation, h
is the height of the beam, ¢ is the thickness of the thermally grown silicon dioxide
on the sides of the beams, ¢, is the permittivity of free space, and x,; is the the
dielectric constant of silicon dioxide, approximately 3.9 [62]. After thermal oxidation,
the electrostatic gap is reduced due to the growth of silicon dioxide by approximately
1.08 times the thickness of the silicon dioxide layer. This is due to approximately
54% of the thickness which grows outward from the original silicon surface [75].

Using Taylor expressions, equations 5.7 and 5.8 can be rewritten as:

() = ke hdx i (59)” (5.9)

eo(v) = e ool (- ﬂ>n (5.10)

where

K= (5.11)
1+ £(Z —1.08)

g\ Kox
The maximum thickness of silicon dioxide that can be grown is slightly smaller
than the electrostatic gap (t = g/1.08). In equation 5.11, the ratio of the thickness

of silicon dioxide to the electrostatic gap is limited to 0 < é <~ (.93. Furthermore,
2

Kox

since < 1.08, the denominator in equation 5.11 will be less than 1 and thus « will
be greater than 1, indicating an improved transduction factor. Taking the derivative
of equation 5.9, assuming small deflections, and ignoring higher order terms, the

electrostatic transduction of a composite resonator is approximately:
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Figure 5.4: Improvement in transduction factor after thermal oxidation.

Necomposite = VBiasEtLQA? (5.12)

By comparison to the electrostatic transduction factor for a silicon resonator,
equation 5.6, this indicates that the composite electrostatic resonator will have a
higher electrostatic transduction factor than an identically designed but not thermally
oxidized silicon resonator. For resonators with identical electrostatic transduction
areas and initial electrostatic gap, Figure 5.4 shows the level of improvement in 7 for
a composite resonator.

For a 0.48 pm silicon dioxide coating on the <110> silicon surface and an initial
gap of approximately 1.8 pm (1.5pm defined + 0.3 pm blowout), a 25% increase
in 17 expected. With a 25% improvement in the transduction factor and a 30% im-
provement in quality factor, the power handling of the resonator improves by a factor
of 2. The expected decrease in phase noise is approximately -6 dBc/Hz. Further
improvements in phase noise are possible for thicker oxidations. However, thicker

oxidations complicate the manufacturing process and results in lower yields. The
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highest achieved ratio of silicon dioxide thickness to gap width in this processes was
approximately 0.36. The analysis indicates that improved transduction factors are
possible by using higher dielectric constants in the electrostatic gap. Research into

electrostatic gaps completely filled with high-x dielectric materials is currently ongo-
ing [9, 10, 92].

5.2 Long Term Stability of Frequency

Candler et al. [22] and Kim et al. [50] have previously shown that silicon resonators
encapsulated using the “epi-seal” process show remarkable stability to less than +
3 ppm at room temperature for approximately one year. The two factors critical
in achieving this level of stability are the simultaneous removal of native oxide and
contaminants on the silicon surface, thus revealing pristine clean silicon resonators,
and hermetic packaging using “epi-seal”. Although a similar hermetic package was
used to fabricate composite resonators, the stability of a combined silicon - silicon
dioxide resonator has not been shown. One concern is that dielectrics, such as silicon
dioxide, have been known to get electrostatically charged when placed in an electric
field. Since the composite resonators are electrostatically actuated, the long term

stability of the devices must be monitored.

5.2.1 Constant Temperature

Using a similar setup as described in Chapter 4, multiple DETF resonators were
monitored at a constant temperature of 36 °C for almost one year. Although the
resonators were tested serially, the bias voltage was maintained at all times such that
the electrostatic field within the gap was constantly present. Figures 5.5 through
5.12 show the long term frequency behavior. Silicon resonators were included as a
reference (Figure 5.5). Identically desiguned composite DETF resonators from the
same wafer are shown on the same plot. The nominal width of the beam, prior to
lithography and etching, is indicated in the figure title. A total of 14 composite

resonators with different frequencies and SiO, thickness are showing in Figures 5.6
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Figure 5.5: Stability of two Silicon 1.3 MHz DETF.

through 5.12. Gaps in the data correspond to maintenance of the setup. No other
measurements were performed before the start of the experiment or during the gap
times.

In Figure 5.5 the temperature varies by at most & 0.2 °C. With a -30 ppm/°C tem-
perature coefficient of frequency for silicon resonators, the silicon resonator exhibits
frequency variations of approximately &= 6 ppm. Furthermore, noise at the peak of
the response introduces additional noise into the data (Figure 5.13). To remove this,
the peak is fitted using a polynomial and the frequency at maximum amplitude is
extracted. Although more sophisticated models for fitting were considered, it was

determined that a simple quadratic polynomial fit in a very limited frequency range
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1.3 MHz (w=8p m) Composite DETF with 0.42 pm SiO2
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Figure 5.6: Stability of two 1.3 MHz DETF with a 0.42 um SiO,.
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Figure 5.7: Stability of two 1.3 MHz DETF with a 0.33 pm SiO,.
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1.1 MHz (w=6um) Composite DETF with 0.33 um SiO2
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Figure 5.8: Stability of two 1.1 MHz DETF with a 0.33 pum SiOs.
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Figure 5.9: Stability of two 1.0 MHz DETF with a 0.42 pym SiO,.
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770 kHz (w=4.25um) Composite DETF with 0.33 pum SiO2
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Figure 5.10: Stability of two 770 kHz DETF with a 0.33 um SiOs,.
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Figure 5.11: Stability of three 725 kHz DETF with a 0.42 um SiO,.
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725 kHz (w=4um) Composite DETF with 0.33 um SiO2
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Figure 5.12: Stability of one 725 kHz DETF with a 0.33 pym SiO,.

near the peak was sufficient.

Of the 14 composite resonators tested, 12 showed frequency stability to within +
2 ppm. However, several devices showed significant drift on the order of tens of parts
per million (Figures 5.8 and 5.10). For the two devices showing drift, there were also
identical devices that did not show this level of drift. Since the silicon resonators do
not exhibit this behavior, it is postulated that the drift is an effect of the presence
of silicon dioxide. A possible mechanism is the presence of fixed or mobile charges in
the dielectric. To test this hypothesis, changes in the electrostatic field were induced

to monitor the effect on frequency. The results are presented in the following section.

5.2.2 Effect of Changing Electrostatic Field

To induce electrostatic field changes, the polarity of the bias voltage applied to the
DETF resonators was alternated. Figure 5.14 shows the change in frequency of a sili-

con and composite resonator for different magnitudes of bias voltage and for different
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Figure 5.13: (Left) Frequency response of a DETF resonator. (Right) Frequency

response is fitted near the maximum to remove noise. A new maximum frequency is
extracted.

polarities. Changing bias voltage polarity has no effect on the silicon resonator. How-
ever, the composite resonator exhibits a frequency split between positive and negative
voltages.

The lack of an effect on the silicon resonator can be explained by revisiting the
effects of the non-linear electrostatic force on the frequency of the resonator from
Chapter 1 equations 1.18 and 1.19. The frequency of the resonator is modified by the

electrostatic spring stiffness rewritten here:

2 OAE
ke = 593 V2., (5.13)

Recall that ¢, is the permittivity of free space, A, is the electrostatic area, g is
the electrostatic gap, and Vi, is the bias voltage applied to the resonator. Due to
the the quadratic dependence on bias voltage, inversion of the polarity of bias does
not change the electrostatic stiffness and therefore the frequency of the resonator is
also unchanged.

In composite resonators, if a non-equal presence of charge develops on the dielectric
surfaces between the resonator and electrodes this would result in the formation of

an additional electrostatic field. The charges would act to modify the electrostatic
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Figure 5.14: Change in frequency versus bias voltage for positive and negative polar-
ity. (A) Silicon DETF Resonator (B) Composite DETF Resonator with 0.42 ym of
SiOs.

field formed in gap. Following the analysis from Chapter 1, the non-time dependent

electrostatic force on the composite beam can be written as:

(2n—1)
2 h 0
Fecompoieev) =~ (VBMMVF‘;%(%(‘”)) dr (5.14)
n=1

In equation 5.14,  is defined as in equation 5.11. AV is the result of the modified
electrostatic field due to the presence of charges in the dielectric. The modified
electrostatic spring constant is the first term in the expansion of equation 5.14:

3
Ke,composite = _2&‘96*30146(%1118 +AV)? (5.15)

From equation 5.15, application of a bias voltage of varying polarities would change
the electrostatic stiffness and thus change the frequency of vibration. If charges
are mobile, the electrostatic stiffness would change over time and cause a transient
change in frequency. However, fixed charges would result in a change in frequency
but no transient behavior. Interestingly, increasing the effectiveness of electrostatic
transduction does not help to reduce this effect.

The effect of changing bias polarity was observed over a period of one day. While
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Figure 5.15: Long term stability with bias polarity switching of a silicon DETF and
two identical composite DETFs.

temperature was maintained constant, three lithographically identical resonators ex-
perienced bias polarity inversion: one silicon resonator and two lithographically iden-
tical composite resonators. Repeatable behavior was observed of which two hours is
plotted in Figure 5.15. For the silicon device, flipping the bias voltage had no effect.
For one of the composite resonators, flipping the bias voltage resulted in a jump in
frequency but no transient behavior. For the second composite resonator, flipping
the bias voltage resulted in both a jump in frequency as well as a transient behavior.

Because this experiment results in a repeatable frequency behavior, it can be
concluded that the effect is electrostatic in nature and not the result of fatigue, stress
relaxation, or packaging defects. Since most applications use a constant bias source
the primary concern is the reduction of this transient effect.

The nature of the charges that allow AV to develop is uncertain and is an ongoing
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subject of research [6]. Having a combination of fixed and mobile charges could explain
why some devices only see a change in frequency while others also experience transient
behavior. Since identically designed devices on the same wafer show different types
of behavior, this indicates that this type of variation maybe manufacturing-process
induced. For example, ionic conduction could be the result of contamination or
plasma damage. One possible cause is the plasma step just prior to sealing of the
encapsulation which is used to remove the silicon dioxide on the top surface of the
wafer (see Chapter 3). Because the vents are not sealed at this point,> the plasma,
attacks the silicon dioxide just under the vent. Ions could be injected into the silicon
dioxide coating the device or the electrodes.

Some literature [57, 2, 54] indicates that high temperature hydrogen annealing
results in fixed positive charge generation in SiO,. Since the resonator is exposed
to high temperature hydrogen during the “epi-seal” process, the effect of sealing
temperature on composite resonator charging should be investigated. Although this
could be an important mechanism, it would not explain the presence of mobile charges
nor the large variation in the behavior of identical devices on the same wafer. However,

the presence of fixed and mobile charges has not been attributed to a particular cause.

5.3 Summary

In this chapter key characteristics of the composite resonator were examined to deter-
mine the viability of the composite as a frequency reference. Of concern were short
term and long term stability of the resonator. The short term stability is charac-
terized by current handling of the resonator. Current handling depends on both the
quality factor of the resonator as well as the electrostatic transduction factor. The
presence of the silicon dioxide dielectric layer was found to improve both the quality
factor due to the lower coefficient of thermal expansion and bulk modulus of silicon
dioxide compared to silicon. The reduction in these material properties results in
lower entropy generation due to thermo-elastic dissipation, and thus, higher quality
factor. The transduction factor also increased due to an increase in the effective di-

electric constant in the resonator electrostatic gap. Improvements of approximately
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20% were seen in each.

The long term frequency stability of 2 silicon resonators and 14 composite res-
onators was monitored over a period longer than 200 days at constant 36 °C tem-
perature. Silicon resonators exhibited frequency stability dominated by short term
temperature fluctuations. Of the 14 composite resonators, 12 exhibited frequency
stability to within 2 ppm. However, 2 composite resonators showed initial exponen-
tial frequency shifts on the order of 10°s of ppm. A bias voltage polarity experiment
was conducted which indicated a modified electrostatic field in composite resonators
under polarity switching. A similar effect was not observed in silicon resonators. It
is hypothesized that this result is the effect of charges trapped in the silicon-dioxide
dielectric coating. Resonators exhibit the effects of both a fixed and transient charges.
However, it is the transient behavior that must be addressed to retain the commercial

viability of the composite resonators.
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Chapter 6

Thin Film Stress Temperature

Compensation

One of the passive temperature compensation methods previously studied by re-
searchers is the use of thermal stress to cancel the temperature dependence of fre-
quency in silicon resonators with multiple anchors [39]. Thermal stresses that induce
tension in the resonator as the temperature increases can increase the frequency of
the resonator at the same rate as the frequency is decreasing due to decreases in
Young’s Modulus. To induce thermal stresses, materials with different coefficients of
thermal expansion are used.

The “epi-seal” encapsulation of silicon resonators has been shown to yield stable
frequency references [50]. As discussed previously, to a large degree this is due to hav-
ing only exceptionally clean single-crystal silicon resonators hermetically sealed. The
introduction of other materials, particularly those with large coefficients of thermal
expansion, into the process could jeopardize not only the process but the stability
of the resonator. To avoid introducing new materials into the encapsulation process,
in this chapter we will demonstrate the use of die level packaging stress to tempera-
ture compensate hermetically sealed, single-crystal silicon double-ended tuning fork
(DETF) resonators that are double anchored (Figure 1.7).

121
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6.1 Package Level Stresses

Stresses that develop in the die can be analyzed at many different levels and can
expand into a system level problem. From the thin films that make up the layers in
the final resonator die, to the IC package that the resonator is glued to, to the printed
circuit boards and the products which they are a part of, thermal stresses caused by
the mismatch of coefficients of thermal expansion can couple into the stress in the
resonator. The type of glue that is used to bond the resonator to the IC package and
the flexibility of the leads of the IC package that connect it to the PCB can play a
large role in the resonator’s thermal stress. To model this system completely finite

element software is necessary.

Silicon Die

. Epoxy
Plastic IC Package =~ Copper Lead Frame

(200pm thickness)

Figure 6.1: Cross section of resonator die epoxied to an IC package.

To illustrate the large degree to which thermal stresses can play a role in the
frequency of the resonator, consider a double-anchored DETF resonator die that is

bonded using silver epoxy to the copper paddle at the bottom of the IC package,
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LTO (Si02)

~ 40 um

~ 525 um

Figure 6.2: Schematic of cross section of die with double anchored resonator.

Figure 6.1. An approximated cross-section drawing of the die with the double an-
chored resonator is shown in Figure 6.2. Figure 6.3 shows the frequency-temperature
behavior of this die compared to an identical die that has been released from the
package such that it is “floating” and does not have packaging induced stresses. The
linear temperature coefficient of frequency is approximately 6 times larger than the
-31 ppm/°C that is typical for an unstressed silicon resonator.

To analyze the effect of the package stress, a radial-symmetry linear finite element
model in the COMSOL program was used to simulate the effects of the epoxy, copper
paddle and IC plastic. Figure 6.4 shows the stress distribution through the package
due to a 25 °C increase in temperature. Using this model the strain of the resonator
cavity can be determined. The copper, which has a higher coefficient of thermal
expansion than silicon, induces tensile stresses in the die at the interface with the
epoxy with increasing temperature. The epoxy transmits the strain of the copper
paddle to the bottom of the resonator die. The resultant moment created by the

forces at the interface generates a compressive stress at the top of the die where the
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Figure 6.3: Frequency-temperature behavior of a double-anchored DETF attached
to a copper lead frame using epoxy compared with an identical device die which is

floating.
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Figure 6.4: Axi-symmetric 2D finite element model of resonator die epoxied to a
copper leadframe of a plastic IC package.

resonator is located. This is due to the cube-like geometry of the resonator die such
that the neutral axis is found to be approximately half way through the die. Since the
bottom of the die is in tension, the top of the die, where the resonator is fabricated,
is in compression. It is this compressive stress that results in a decrease in frequency,
in addition to the decrease in the Young’s Modulus of silicon.

When strain at the edges of the resonator cavity is applied to a finite element model
of the DETF resonator, the resulting stress is determined. Lastly, the eigenfrequency
solver is used to obtain the frequency of the resonator under this strain condition.
Figure 6.5 shows the finite element simulation matches well to the measurement
results.

Since we have seen that it is possible to use thermal stresses to increase the sensi-
tivity to temperature, it is also possible to reduce the sensitivity to temperature. In

the following section, package level stresses will be designed such that the temperature
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Figure 6.5: Frequency-temperature behavior of packaged double-anchored DETF.
Finite element results compared to experiment.

coefficient of frequency is minimized.

6.2 Optimization of Thin Film Encapsulation

The determination of thermal stresses / strains that will yield “zero-TCf” resonators
can be found by using the equations 1.21 through 1.23 derived in Chapter 1. Assuming
that electrostatic effects are negligible (r, << 1) and that the initial axial loads are
small compared to the buckling load (P << P, — rp << 1 ), the linear temperature

coeflicient of frequency becomes:

TCf, = B (6.1)

Equation 6.1 can be set to zero and solved for the change in the axial load with

temperature required to yield “zero-TCf” resonators:

oP
8_T = _Pb(TCEl,Si + aSi) (62)
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Substituting the Euler buckling load for a clamped-clamped beam into equation
6.2 and rewriting the equation in terms of axial strain, the axial strain necessary to

achieve a “zero-TC{” resonator is:

_8_5 w2 [ w
or 3

2
E) (TCELSi + aSi) (63)

From equation 6.3, the ideal thermal strain depends not only on the temperature
dependent properties of silicon but also on the geometry of the resonator. In par-
ticular, resonators with larger length to width ratios will require smaller changes in
strain to cancel the temperature changes of the material properties. Furthermore,
since the temperature coefficient of Young’s Modulus of silicon is a negative quantity,
the change in strain with temperature must be a positive quantity (i.e. a tensile
change with temperature must be induced).

One of the ways to induce tensile stress in the resonator is to include an additional
material layer in the die which has a larger coefficient of thermal expansion than
silicon. This layer must also be at the top of the die near the resonator such that as
the temperature is increased the expansion of this layer induces a tensile strain in the
resonator (Figure 6.6). For a given material, whose material properties are known, it
is possible to approach this problem in two ways: (1) determine the ideal thickness
of the compensating layer such that the resonator with a particular dimension is
compensated, or (2) for a given thickness of the compensating layer determine the
resonator geometry such that the strain induced by the compensating layer perfectly
compensates the resonator.

There are advantages and disadvantages to both approaches. One disadvantage
of the first approach is that the thickness necessary to perfectly compensate might
be difficult to achieve if the film must be very thick. Furthermore, since the method
uses a mismatch in the coeflicient of thermal expansion, thick layers might induce
unwanted wafer level thermal stresses that result in wafer bending. In the second
approach, a resonator could be designed to be compensated with a much thinner
layer. However, this constrains the design of the resonator such that only a resonator

with a particular width to length ratio, and thus a particular frequency, is temperature
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Figure 6.6: Schematic of cross section of die with double anchored resonator.

compensated.

Regardless of which approach is taken, the first step toward compensating using
thermal stresses is to understand how thermal stresses induced in the film are trans-
ferred to the resonator. Precise determination of this stress transfer can be achieved
using a finite element software. However, to build intuition, a simple analytical model
will be developed.

Several assumptions are made in creating the simple model. The first is that
the materials in the die, excluding the compensation layer, have similar coeflicients
of thermal expansion such that the stresses induced by the die materials are much
smaller than then the stresses induced by the compensation layer. This assumption
is valid since the majority of the die is silicon with only a couple of very thin layers
of silicon dioxide. Second, the stresses induced in the die are comparable to the
wafer level stresses prior to dicing. This assumption will allow the use of simple
wafer-bending formulations. Third, the thickness of the compensation layer is much
smaller than the thickness of the substrate. This will allow simplified expressions

using the thin film on a substrate approximation. Fourth, since the resonator is

located near the encapsulation, and thus near the compensation layer, the strains in
the resonator are approximately equal to the strains in the substrate at the interface
of the encapsulation and compensation layer. Lastly, all of the preceding assumptions

assume that the final die is measured in a “floating” position such that IC packaging
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Figure 6.7: Thin film and substrate force / moment balance.

stress effects are removed.

By considering the compensation layer as a thin film covering the substrate, the
stresses in the compensation layer are found by using strain compatibility at the
interface of the film and the substrate:

elastic
+

th I 14} th l
Ef ermal __ _elastic T Es ETNA, (64)

Ef - Es,inte'r‘face

In equation 6.4, the subscripts “f” and “s” correspond to the compensating film
and the substrate, respectively. To determine the elastic strains in the film and
the substrate, consider the forces and moments developed at the neutral axis of the
substrate due to stresses in the thin film (Figure 6.7).

Neglecting the out of plane dimension, the equivalent force in a thin film of thick-

ness t¢ due to a stress o 1s:

F = Uftf (65)

This force will induce an equal but opposite force on the neutral axis of the

substrate and a moment of magnitude:

ls

The total stress in the substrate at a distance y from the neutral axis is found by

summing the stresses developed due to the equivalent force and moment:
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Os =0F + 0Ouy (6.7)
t 6
oy = —% <1 + t—y) (6.8)

The strain in the substrate near the interface with the thin film is found by
substituting y = ¢,/2 into equation 6.8 and dividing by the biaxial modulus of the

substrate.

€

s,inter face — Bs Bsts
Substituting equation 6.9 into the compatibility equation and solving for the stress
in the thin film:

elastic _ Osjinterface . 40'ftf (6 9)

(as — ap) AT
of = G—Lp— (6.10)
B T B

In equation 6.10, B is the biaxial modulus, AT is the change in temperature, 5
is the thickness of the compensating layer, and ¢, includes all of the layers in the die
except the compensating layer. For isotropic films the biaxial modulus is given by
the Young’s Modulus (E) and the Poisson ratio (v):

E

— (6.11)

Bisotropic =

For anisotropic materials with cubic symmetry, such as single-crystal silicon, the
biaxial modulus is given by a combination of the stiffness coefficients [32]:
02
Bebic = Ci1 + Cip — 252 (6.12)
Cn
Using the assumptions mentioned, the strain in the resonator is approximately
equal to the strain in the substrate near the film interface. The strain in the resonator
is found by substituting equation 6.10 into equation 6.9. Taking the temperature
derivative of the resulting equation results in an approximate change in strain in the

resonator with temperature:
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O€s res Aty (as — ay)
R R (6.13)
B; ' B: ts

When equation 6.13 is set to equal the ideal temperature dependent strain nec-
essary to temperature compensate (equation 6.3), the equation can be solved for the
desired unknown. For example, if the dimensions of the resonator are set and the
material properties of the compensating layer are know, the equation can be solved
for the thickness of the compensating layer. However, if the compensating layer is
fixed to a known thickness, the width to length ratio can be determined for resonator

design. In the following sections, both approaches will discussed.

6.2.1 Thin Film Thickness Compensation

Solving for the film thickness to achieve ideal compensation:

sBs E i 7
ot [ (TCE, gi + as;) (6.14)

f ™ 1. 2
4 By 7%(1_%) (o —ay) — (TCEy s + 0gs)

To reduce the thickness necessary to compensate it is advantageous to use films
with high biaxial moduli and large coefficients of thermal expansion compared to
silicon. Figure 6.8 shows the ideal thickness necessary to compensate a resonator
with a length to width ratio of 220/8 = 27.5 using a wide range of biaxial moduli
and coefficients of thermal expansion. Also shown are markers for the location of
several common materials that could be used. One of the most common materials is
aluminum which could be deposited as both a metalization layer and compensation
layer in the last step of processing.

The approximate solution indicates that 3 ym of aluminum will be necessary to
compensate. Typical metalization layers are less than 1 ym. A 2D axi-symmetric
finite element analysis was performed with a thin film compensation layer on the top
surface of the resonator, but without the package shown in Figure 6.4. The ideal
thickness for an aluminum film was determined to be approximately 5 pm. Although

the simplified model can be used as a good rule of thumb, it under-predicts the



CHAPTER 6. THIN FILM STRESS TEMPERATURE COMPENSATION 132

300
——— | um
250 T 2um
-3 Um
-5 um
200 w10 um |1
50 pm

150

100f - NG Lo A e N e

Biaxial Modulus of Film (GPa)

ZPIasticé
T " . N ——]

5 10 15 20 25 30 35 40 45 50
o, (ppm/°C)

Figure 6.8: Ideal thickness of compensation layer versus biaxial modulus and coeffi-
cient of thermal expansion.

stiffness of the resonator die and thus the ideal thickness of the compensation layer
necessary to compensate.

To verify this compensation methodology, DETF resonators with a length to width
ratio of 27.5 were fabricated such that the majority of the die was covered with
aluminum during the metal trace definition (see Chapter 3). Wafers were fabricated
with this aluminum compensation layer varying from 2 um to 7 pm in thickness.
After dicing, the die was wirebonded and the epoxy under the resonator was then
removed such that the die was “floating”. Figure 6.9 shows the measured temperature
coefficient of frequency at 25°C for die with varying aluminum layer compensation
thickness.

Unfortunately, low yield resulted in few functioning devices. A trend is estab-
lished, showing that thicker compensation layers result in more positive temperature
coefficients of frequency. For a 7.5 pm film thickness a positive temperature coefficient
is observed, verifying this methodology. The deposition of thick films is undesirable

due to the difficulty of controlling the deposition and requiring multiple wafers with
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Figure 6.9: Measured linear temperature coefficient of frequency of a double-anchored
resonator with various thickness aluminum thin film compensation layers.

different metal layer thicknesses. These drawbacks are reduced by following a different

approach described in the next section.

6.2.2 Resonator Design for Thin Film Compensation

The ideal length to width ratio for a resonator to be compensated by a thin film with

known material properties and thickness can be simply derived by rewriting equation

6.14:
L * 2 TCE 7 ) 1 tsBs
Ly _ [P (TCEsi+os) 14 = (6.15)
w 3 (CYS - &f) 4 thf

Figure 6.10 shows the ideal length to width ratios necessary to achieve ideally

compensated resonators using a compensation film thickness of 1 um. For example,
a 1l pm film of aluminum can be used to compensate a double anchored DETF with
a length to width ratio of approximately 45. As before, it is expected that equation
6.15 will under predict the length to width ratio since the bending stiffness of the
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Figure 6.10: Ideal length to width ratios for compensation using a 1 pym thin film of
various biaxial moduli and coefficients of thermal expansion.

resonator die will be higher than the bending stiffness of a wafer.

DETF resonators with a beam length of 300 pm and widths of 4.5 pym to 7
pm were fabricated on the same wafer. A 1 um aluminum layer was sputtered for
metallization as well as compensation. Figure 6.11 shows the layout of the metal layer
on top of the die. The majority of the die is covered with aluminum. However, the
layer is not continuous since bondpads are necessary to actuate the resonator under
the encapsulation.

After dicing, the die was wirebonded and the epoxy under the resonator was then
removed such that the die was “floating”. Figure 6.12 shows the measured frequency-
temperature behavior of double anchored DETF's with varying length, L, to width,
w, ratios. The linear temperature coefficient of frequency is extracted at 25 °C, and
is plotted in Figure 6.13 compared to the theoretical prediction using the analytical
model above.

For a L/w ratio of approximately 64, ideal compensation was achieved with a

frequency variation of approximately 200 ppm over the 100 °C temperature range.
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Figure 6.11: Layout of aluminum compensation layer on top of die with two double
anchored DETFs. Image of double anchored DETF definition is superimposed on top
of aluminum layout. Red circles indicate location of electrical interconnect between
the aluminum traces and the underlying structure.
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Figure 6.14: Low temperature cycling of a 1.1 pm sputtered aluminum film on a
<100> silicon wafer. Measurement obtained using laser curvature system.

Although this is a large reduction compared to uncompensated silicon resonators,
there are two major drawbacks to this approach. As discussed previously, stress
compensation can be difficult, if not impossible to achieve, due to the difficulty in
completely isolating the resonator to only the desired stress mechanism. Furthermore,
this methodology relies on both the resonator as well as the stress inducing mechanism
to be stable over time and temperature.

Stress evolution in thin films over thermal cycling has been studied in depth
([26, 70, 85]). In particular, the thermo-mechanical properties of aluminum have been
of great interest in the semiconductor industry owing to its use as an interconnect
material [30]. In this work, the effect of temperature cycling on the frequency of the
resonator must be characterized since stress evolution leads to frequency instability
and hysteresis.

Thermal hysteresis in aluminum thin films is due to transitions from elastic to

plastic regimes during thermal cycling. Characteristic curves for aluminum are well
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Figure 6.15: High temperature cycling of a 1.1 um sputtered aluminum film on a
<100> silicon wafer. Measurement obtained using laser curvature system.

established [70] and are reproduced here with a simple wafer curvature experiment.
A 1.1 pm aluminum film was sputtered onto a 552 thick ym <100> 4” silicon wafer
at 40 °C in a Gryphon DC magnetron sputterer. The film was not annealed after
sputtering. A Tencor FLEX laser system was used to measure the curvature of the
wafer during thermal cycling. The change in stress in the thin film can be extracted
using Stoney’s Formula [32]:
2
Aoy = BsiAfi (6.16)
In equation 6.16, o is the stress in the thin film, B, is the biaxial modulus of the
substrate, ¢5 is the thickness of the substrate, ¢; is the thickness of the film, and & is
the measured curvature.
The thin film was first cycled three times over a 30 °C to 100 °C temperature
range (Figure 6.14). There is a change between the first cycle and the subsequent

cycles. Noise in the curvature measurement makes it difficult to clearly distinguish
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repeatable hysteresis. The thin film was then cycled three times over a 30 °C to 400 °C
temperature range (Figure 6.15). The high temperature cycling shows a characteristic
elastic-plastic thermal hysteresis [70]. In the first part of the heating cycle a linear
decrease in stress is due to the mismatch in the coefficients of thermal expansion. Since
silicon has a lower coefficient of thermal expansion than aluminum, the aluminum goes
into compression as temperature is increased. A minimum is reached as the aluminum
transitions from elastic to plastic regime during which grain boundaries in the film
expand and the film recrystallizes. The stress levels off as the aluminum yields. When
the substrate begins to cool, the film undergoes a shorter elastic deformation and on
subsequent cooling plastically deforms.

To investigate the effect of thermal cycling at the resonator level and temperature
range of interest, the resonator with the ideal ratio was cycled seven times over a 0 °C
to 100 °C temperature range. Figure 6.16 shows the measured frequency hysteresis of
the resonator. Since frequency change is a measure of strain change in the resonator
due to strain changes in the thin film, it is possible to extract the strain and thus
stress changes in the thin film.

The strain in the resonator is first found by rewriting the effect of axial loads on

the frequency of the resonator from equations 1.21 and 1.23:

3 (L)’
fmeasured(gresz T) - fn(T) \/1 + %‘2' (E) Aé}es (617)

In equation 6.17, ¢, is the strain in the resonator and f,(T) is the change in
frequency due to only temperature: f,(T) = f,(1 + TCf1 5, AT). Solving for the

change in strain of the resonator:

A . E(U))z ( fmeasured )2_1 6.18
Eres = 7T2 Z fo(]_ + TCflSzAT) ( ' )

In equation 6.18, f, is the frequency at 40 °C, the temperature at which the film

is sputtered. The linear temperature coeflicient of frequency of silicon resonators,

TC'f1 s, has been previously measured to be approximately -31.4 ppm/°C. Equation
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Figure 6.16: Thermal cycling of the resonator die indicates severe thermal hysteresis
in the operating temperature range.

6.9 can be used to transform the strain in the resonator to stresses in the thin film.
Fig. 6.17 shows the extracted change in stress in the compensating aluminum film.

Unlike the curvature measurements, the extracted change in stress from the fre-
quency hysteresis is a clear indication of evolution of stresses at low temperatures. A
comparison of the change in stress obtained from the frequency hysteresis, Fig. 6.17,
to the change in stress obtained using the laser curvature method indicates that both
methods are consistent in determining the relative change in stress. The change in
determined from the curvature measurement system is approximately -2 MPa/°C.
The change in stress determined from the frequency measurement is approximately
-1.4 MPa/°C. |

The hysteresis in the aluminum film makes its use in thermal stress compensation
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Figure 6.17: Extracted change in stress of aluminum thin film from frequency hys-
teresis of the compensated double anchored DETF.

impractical. However, the extraction of thin film behavior through frequency mea-
surements opens opportunities for studying other commonly used thin films. This
methodology allows using the encapsulated resonator as a platform for material sci-
ence research. Since the reliability of the resonator is decoupled from the film, the
resonator becomes an exquisite sensor for stress changes in the layers to which its

coupled.

6.3 Summary

In this chapter the use of thin film thermal stress compensation for silicon-only encap-
sulated resonators is demonstrated. By a slight modification in the layout of the met-
allization layer - the last layer in the “epi-seal” process - the metal thin film can induce
thermal stresses in double-anchored tuning forks to cancel the effects of temperature

dependent material properties. Simple models are developed as a rule of thumb in
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determining the ideal dimensions of the thin film or resonator to ideally compensate.
Two approaches are taken for compensation. In one approach the dimensions of the
resonator are kept constant and the thickness of an aluminum thin film on top of the
encapsulation is varied. In the second approach, a 1 gm aluminum film is used to
modify the frequency-temperature behavior of various double anchor double-ended
tuning fork resonators. A resonator with a compensated frequency-temperature be-
havior of less than 200 ppm over a 100 °C temperature span is demonstrated using the
second approach. However, thermal hysteresis in the frequency behavior is observed.
This undesirable frequency behavior is due to stress evolution in the aluminum film.
The stress in the film is extracted from the frequency behavior and is shown to be
consistent with stress evolution of aluminum films determined by a wafer curvature
measurement.

Due to the hysteretic frequency behavior, this methodology is not viable for a
commercial device. However, the sensitivity of the silicon resonator to the stress
evolution in thin films on top of the encapsulation provides and opportunity for
material science research of thin films. The encapsulated silicon resonator, which has
been thoroughly characterized, is a stable platform which can be used to measure the

mechanical properties of thin films.

6.4 Acknowledgements

The double-anchor tuning fork resonators of varying length-width ratios were fabri-
cated by Gary Yama. Violet Qu helped with the experimental setup of the floating

die. Dr. Nix provided the Tencor FLEX laser system for curvature measurements.



Chapter 7

Conclusion, future directions, and

impact

The commercialization of silicon resonators for frequency references is complicated by
the high temperature sensitivity of frequency of silicon resonators. To correct for this
sensitivity, active temperature compensation schemes require additional electronics
devoted to temperature compensation, are limited by the thermometry used, and con-
sume additional power. With the currently available thermometry, the temperature
sensitivity of silicon resonators impedes the ability of active compensation to achieve
the frequency stability levels that oven controlled quartz crystal oscillators (OCXQO’s)
are currently providing.

Passive compensation methods aim to reduce the temperature sensitivity of res-
onators without the use of electronics. Previously, the passive compensation tech-
niques employed thermal stresses in flexural mode resonators to compensate. How-
ever the use of thermal stresses is limited to multi-anchored devices and tends to
couple undesirable stresses, such as from packaging, into the frequency response of
the resonator.

A passive compensation scheme that does not use thermal stresses and can be used
in a wide variety of resonator designs has been demonstrated. In this work, silicon
dioxide, which has a positive temperature coefficient of Young’s Modulus, is used

to create composite silicon - silicon dioxide resonators with frequency - temperature

143
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stability comparable to quartz crystal resonators. These silicon based resonators have
a 30-fold reduction in their temperature sensitivity compared to silicon resonators
over a -40 °C to 125 °C temperature range. The devices are packaged in a CMOS-
compatible, hermetic, wafer level encapsulation process.

In this dissertation, a theoretical analysis of the frequency and temperature co-
efficient of frequency (TCf) for composite resonators is demonstrated. It is shown
that the temperature coefficient of frequency of the composite is determined by a
ratio which is a function of the mass and frequency of the silicon and silicon-dioxide
portion of the resonator. However, the “ideal” ratio, at which the linear temperature
coefficient of frequency is cancelled, thus yielding “zero-TCt” resonators, is set only
by the temperature dependence of the material properties of silicon and silicon diox-
ide. Furthermore, it is found that the construction which minimizes the use of silicon
dioxide to compensate is a flexural mode resonator with a uniform coating of silicon
dioxide around the vibrating beam.

To demonstrate the viability of this design, the resonators were fabricated at the
Stanford Nanofabrication facility using a modified MEMS-first “epi-seal” packaging
processes. The “epi-seal” process was previously demonstrated to yield hermetically
sealed silicon resonators with impeccable long-term stability characteristics. The
composite resonator was formed by thermally oxidizing the silicon resonator after the
resonator was released, thus forming a symmetric structure. The modified process
demonstrates that composite resonators can be hermetically encapsulated in an “epi-
seal” process with very high yields.

The frequency temperature behavior of composite resonators was tested over a
large temperature range. The resonators with the ideal silicon - silicon dioxide con-
struction were found to have a zero linear temperature coeflicient of frequency and
a resulting quadratic frequency-temperature behavior. The quadratic temperature
coeflicient of frequency was found to be dominated by the quadratic temperature co-
efficient of Young’s Modulus of silicon. Due to the uncertainty in the dimensions of
the encapsulated resonator, the quadratic temperature coefficient of Young’s Modulus
of silicon dioxide could not be extracted. The linear temperature coefficient of the

Young’s Modulus of silicon dioxide was extracted to be 179.4 ppm/°C + 5.4 ppm/°C.
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Slight modification of the composition of silicon to silicon dioxide resulted in a
adjustment of the turnover temperature, the temperature at which the linear tem-
perature coefficient of frequency is cancelled. Several devices exhibited a turnover
temperature at an elevated temperature which would allow for integration with a
active oven temperature-control schemes. However, due to process variations, the
turnover temperature of identically designed devices was found to vary across the
wafer. The large degree of variation, + 25 °C, is undesirable, since a consistent
turnover temperature is necessary for oven controlled compensation techniques. If
testing over temperature is not performed to obtain the turnover temperature, the
thermometry for active oven control would require a temperature resolution of better
than 0.1 °C.

The long-term stability of composite resonators was tested at constant temper-
ature over a period of 200 days. Although the majority of the devices exhibited
frequency stability better than 2 ppm, some devices exhibited exponentially decaying
frequency on the order of tens of ppm. This transient behavior was attributed to the
presence of mobile charges in the silicon dioxide. By switching the polarity of the
bias voltage to the resonators, it was determined that both fixed and mobile charges
are present. However, it is the mobile charges that are undesirable and threaten the
viability of this architecture for commercialization. The search for the root-cause

mechanisms for the presence of mobile charges is an ongoing effort ([6]).

7.1 Future Directions

The composite silicon-silicon dioxide devices provide a new starting point in the
temperature sensitivity of silicon-based resonators. In this section, the pathway for

new designs, processes, and improved frequency stability is outlined.

7.1.1 Composite Design

The use of finite element analysis can greatly enhance the design of ideally compen-

sated resonators. Although simple beam and ring geometries are straight forward to
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Figure 7.1: Extensional ring resonator with additional slots to reduce thickness of
SiOs necessary to ideally compensate

analytically analyze, the incorporation of slots into the vibrating structure can reduce
the amount of silicon dioxide necessary to compensate.

The use of slots can be particularly useful in extensional mode designs (Figure
7.1). In this dissertation, an extensional mode ring resonator was demonstrated.
However, a 0.35 ym thermal silicon dioxide coating was not sufficient to achieve ideal
compensation. Introduction of slots into the design would increase the ratio of silicon
dioxide to silicon through the cross-section of the geometry. The design of slots is
made complicated by a radially varying effective Young’s Modulus. Analysis of the
placement and number of slots would require the use of finite element techniques.
Furthermore, Candler et al. [21] demonstrated the use of slots in silicon resonators
as a way of improving the quality factor of the flexural mode resonator by reducing
losses due to thermoelastic dissipation. Utilizing these results, a design that max-
imizes quality factor as well as reduces the thickness of oxidation for temperature
compensation would be advantageous.

The composite structure developed in this dissertation had clearly separated ar-
eas of silicon dioxide and silicon. The proportion of each material was designed such
that the temperature dependent properties combined in a way which would result in
a temperature-stable structure. However, one interesting extension of the compos-

ite principle is to envision a structure with a more homogeneous mixture of silicon
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and silicon dioxide. Such a material, also known as an silicon-rich oxide, has been
previously developed [80]. However, measurements of the temperature coefficients of
Young’s Modulus of such a material could not be found. The mechanism which results
in a positive temperature coefficient of Young’s Modulus of silicon dioxide is believed
to be an intermediate-order effect (see Appendix C). This intermediate-order must be
present in the homogeneous structure such that the overall temperature coefficient of
Young’s Modulus of the material is minimized. However, operation of this resonator

could be inhibited since the conductivity of the material is reduced.

7.1.2 Composite Fabrication

There are several practical modifications to the fabrication of the “epi-seal” of com-
posite resonators that should be incorporated into future processes.

The first is the use of hydrogen annealing to smooth sidewalls of the resonant
structures after the definition deep reactive ion etch (DRIE). It was found that hy-
drogen smoothing after composite formation is blocked by the thermally grown silicon
dioxide. The scalloped sidewalls due to the DRIE result in a non-uniform coating of
silicon dioxide after oxidation. This non-uniformity is one of the leading causes of
uncertainty in the dimensions of of the final resonant structure.

Secondly, the overall thickness of the “epi-seal” encapsulation could be greatly
reduced. The first polycrystalline silicon layer forming the encapsulation must be a
thick 20 um layer to avoid buckling of this layer during thermal oxidation. However,
the subsequent “epi-seal” layer could be made approximately 5 pm to 10pum. Kim
et al. [51] showed that the primary pathway for diffusion of gases into and out of
the the resonator cavity occurs along the silicon dioxide path through the isolation
trench. Therefore, a thin “epi-seal” layer should be sufficient for hermetically sealing
the resonators.

The root-cause mechanism for the presence of mobile charges in the silicon dioxide
dielectric has not been isolated and several suggestions are made to investigate their
presence. The role of various annealing gases, such as forming gas (N, and Hy) anneal

and pure hydrogen anneal (Hj), on the charge density in silicon dioxide should be
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Figure 7.2: Layout of DETF definition superimposed with layout of original vent
location and additional vent structures. The original vent structures provide access
to the resonator for HF release and are then “epi-sealed”. The additional vents
provide a new access path for thermal oxidation. After oxidation, plasma etching
removes the thermal oxide on top of the wafer, but doesn’t damage the SiO, over the
device since the original vents are sealed.

investigated. A modification of the “epi-seal” process to address the plasma damage
caused by the reactive ion etching of the silicon dioxide on top of the wafer just before
“epi-sealing” is suggested. The additional modification aims to seal the vents that
are located just above the resonant structure before thermal oxidation and composite
formation. To thermally oxidize the resonators, a different access path must be pro-
vided. This is accomplished by creating an additional set of vents located far away
from the resonant structure and electrodes (Figure 7.2).

One way to realize this modification is to use the original vent placement to release
the silicon resonators and then “epi-seal” the resonators following the original “epi-
seal” process. After sealing, a mask containing the additional vents could be used to
DRIE these vents far away from the resonator structure. An HF vapor release step is

used to etch the TEOS silicon dioxide until access is gained into the resonator cavity.
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Figure 7.3: SEM of SiOy coated DETF resonator. During “epi-seal” silicon nodules
grow on silicon dioxide surfaces due to poor selectivity. The silicon nodules in the
electrostatic gap prevent the resonator from vibrating.

The resonators could then be thermally oxidized, forming the composite. A plasma
etch of the top surface of the wafer would not affect the resonant structures since the
vents over the resonator would have been previously sealed. After removing the top
oxide, the additional vents could be sealed with an additional epitaxial silicon seal.
A slightly different approach would be to create a mask with both the original vent
placement and the additional vents. However, the width of the additional vents could
be doubled from 1 pm to 2 um. After HF release of the silicon resonators, a carefully
controlled “epi-seal” process is used to seal the original 1 pym vents, while leaving the
additional vents still open. Thermal oxidation of the silicon resonators would then
occur through the additional vents only. A plasma etch of the’top surface would not
attack the silicon dioxide on top of the resonator. After removing the top oxide, the
additional vents could be sealed with an additional epitaxial silicon seal. However,
control of the “epi-seal” process to just seal the original vents over the resonator can

be challenging.
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Of the two approaches, the former was prototyped. However, a major failure
mode was discovered. The “epi-seal” of the additional vents resulted in redeposition
of silicon on top of the composite resonator and mechanical shorting of the resonator
to the surrounding structures (Figure 7.3). The “epi-seal” process is optimized to be
selective to silicon dioxide when the majority of the exposed area is silicon. However,

[4

inside the oxidized resonator cavity, the selectivity of the “epi-seal” process was not

sufficient. One way to address this problem is to provide an effective getter. During

the plasma etch of the top surface silicon dioxide, just prior to

‘epi-seal,” if an over-
etch is performed, the silicon dioxide under the additional vents in the resonator
cavity will be removed. The removal of silicon dioxide was previously undesirable
for vents placed over the resonator electrodes. However, in this process, the exposed
silicon surfaces would act as a getter and could result in growth of silicon in the getter
instead of on the surface of the resonator.

One of the major advantages of this process modification is that silicon-only res-
onators and composite resonators could be fabricated on the same wafer simply by

choice of where the additional vents are included.

7.1.3 Characterization

One of the biggest challenges in characterization of composite resonators is the un-
certainty of the dimensions of the silicon and silicon dioxide portions of the beam.
Although encapsulation provides a clean hermetic environment for testing the res-
onator, it obscures the visual inspection of the device tested. Unfortunately there
is no non-destructive way of gaining visual access to the resonator. One possible
approach is to use focused ion beam (FIB) technology to remove the encapsulation.
This is a very time consuming method, but could be used to get a visual inspection.
One of the biggest advantages in reducing dimensional uncertainty will be the ability
to extract the temperature coeflicients of silicon dioxide.

The extraction of material properties might be best achieved by design of res-
onators that are not flexural mode. The TCf of composite flexural mode resonators

is preferentially sensitive to the dimension in the direction of vibration due to the
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dependence on the 2"¢ moment of inertia of the beam. The TCf of a composite ex-
tensional resonator depends on the cross sectional area of each material portion, thus
being less sensitive to width variations. The extraction of material properties might
be best achieved by using extensional mode resonators. In particular, using exten-
sional mode bar resonators would simplify the analysis compared to ring resonators

due to the anisotropic properties of silicon.

7.2 Impact

Passive temperature compensation using composite silicon - silicon dioxide structures
provides a new starting point for subsequent improvements in frequency-temperature
stability using active temperature compensation. This passive technology can be
readily integrated with the active compensation techniques described in Chapter 1.
This section overviews the recent progress in the development of high stability silicon
frequency references which have been enabled by the the composite technology and
rival the stability provided by oven-controlled (OCXO) and temperature-compensated
(TCXO) crystal oscillators.

Lee et al. [56] recently demonstrated the use of electrostatic active compensation
using an ideally compensated composite double-ended tuning fork with a turnover
temperature at 85 °C. The frequency of the resonator was calibrated over temperature
and bias voltage. Using a platinum RTD temperature sensor and a look-up table
built from the calibration, the frequency was compensated to within + 3 ppm over
a 70 °C temperature range by varying the bias voltage applied to the resonator in
accordance to the look-up table. The compensation was achieved with approximately
5% change in the applied bias voltage. Although electrostatic compensation has
been previously applied to compensate silicon resonators [33], the large temperature
sensitivity of silicon required a large variation in the compensating bias voltage and
a small electrostatic gap to tune the resonators frequency over a similar temperature

range.
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Hopcroft et al. [35] demonstrated an integrated oven-control system incorporating
an ideally compensated double-ended tuning fork resonator suspended from a micro-
machined resistive heating structure (Figure 7.4) . The resonator exhibited a turnover
temperature at approximately 82 °C. By applying a potential difference across the
resistive element, the resonator could be heated to the turnover temperature regard-
less of the surrounding temperature. Hopcroft et al. [35] used the amplitude of the
resonator’s output signal, which is a measure of quality factor of the resonator, as
an indicator of temperature and could maintain the temperature of the resonator
to within 0.004 °C of the turnover temperature using active feedback control. The
resulting frequency variation was approximately + 0.01 ppm over a 10 °C to 70 °C ex-
ternal temperature variation. By using an integrated resistive heater, this micro-oven
consumed approximately 25 mW, a significant reduction compared to OCXQO’s which
consume Watts of power. A similar approach applied to silicon resonators yielded a
+ 1 ppm variation over a -55 °C to 85 °C temperature variation due to the higher
temperature sensitivity of silicon resonators. However, one of the limitations of using
the resonator’s output amplitude as a temperature sensor is that variation in the the
electronic components of the oscillator result in fluctuation in the amplitude of the
resonator [78]. These fluctuations are incorrectly interpreted as temperature changes
in the feedback control and result in frequency error. A better thermometry system
is therefore needed to practically attain high frequency stability.

One of the more recent advances in quartz crystal temperature compensation is the
use of two different modes of the quartz crystal which exhibit different temperature
coefficients of frequency [91, 88]. The two frequencies are mixed to obtain a beat
frequency with a larger sensitivity to temperature changes. The beat frequency can
be used as an internal temperature sensor. The major benefits of this architecture
are that there is no error associated with temperature gradients between sensor and
resonator and a measurement of the frequency can be accurately performed. This type
of system can also be implemented using composite resonators since it is possible to
design composite resonators on the same die which have very different TCf’s. Jha

et al. [44] demonstrated a dual resonator system in which two double-ended tuning
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Figure 7.4: A DETF resonator is suspended using a folded beam structure which
provides thermal isolation and can be used as a resistive heater. When a potential
difference is applied across the folded beam, the resonator is resistively heated to a
desired temperature.

fork resonators with different beam widths but the same silicon dioxide coatings
were fabricated on the same die. The resonators were designed such that one was
ideally compensated while the second had a TCf of -17 ppm/°C. Using the beat
frequency technique, Jha demonstrated that the dual resonator system can be used
as a temperature sensor with a resolution of better than 0.01 °C.

Salvia et al. [77] recently demonstrated a system-level solution incorporating com-
posite dual resonators suspended from a thermal isolation / resistive heater structure
and temperature compensated using a real-time controller. The temperature com-
pensation was implemented via a phase-lock loop controller which uses a the beat

frequency of the resonators as a temperature sensitive signal and locks the frequency
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Figure 7.5: Progress in active and passive compensation of silicon resonators. Devel-
opment of temperature-insensitive composite resonators allows a new starting point
for achieving ultra-high frequency stability.

of one of the resonators by resistively heating the dual resonators. A total frequency

variation of £+ 0.05 ppm was achieved over a -20 °C to 80 °C temperature variation.

The controller, which was implemented on a PCB, and the micro-oven consumed less

than 150 mW. It is believed that an IC implementation of the controller and the

micro-oven will limit power consumption to approximately 20 mW [77].

Figure 7.5 visually represents size and temperature stability of quartz, silicon, and

composite resonators, actively compensated and not compensated.



Appendix A

Solution to Equation of Motion

with Electrostatics

In Chapter 1, Section 1.2.2 the equation of motion for the vibration of a beam was
derived. The nonlinear nature of the electrostatic forces results in a component of the
force which is displacement dependent. This effect can be modeled as an electrostatic
spring, k.. Ignoring higher order terms, the homogeneous equation of motion was
found to be:

0% Mk
A— +B— — —v =10 Al
P50 + ot L' (A1)
Using the method of separation of variables, the effective displacement of the
beam, v, is separated into a displacement dependent equation, X, and time dependant

equation, T.

v(z,t) = XT (A.2)

Substituting equation A.2 into A.1 and rewriting to obtain separable equations:
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BX"'T — %XT = —pAXT" (A.3)
B X///I ke TII 2

R A.
pA X pAL T “ (A-4)

Maintaining equality between the separable equations is only possible if both are
equal to a constant. A convenient choice of a constant is w?. Two ordinary differential

equations are then obtained:

1t _ p_4- 2 EE _
X" -2 (w +m)X_O (A.5)
T +w*T =0 (A.6)

Rewriting equation A.5 in terms of the eigenvalue A:

4 _ ﬁ 2 E
X = £ (w +m) (A7)
X" = MX =0 (A.8)

The solution to equation A.8 can be found in many books on vibration of con-
tinuous structures [76]. For boundary conditions consistent with a clamped-clamped

beam, non-trivial solutions are found when:

AL=(3=4.73 (A.9)
Rewriting equation A.7
B K
e A.10
w A m (A.10)
‘B k
uﬂ:ﬂ—-——— (A.11)
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The natural frequency without the addition of the electrostatic stiffness, w,, can

also be found in most vibration books:

4
. _ P B
= —_— Al
“n = Ti%A (A.12)
Rewriting equation A.11 in terms of the natural frequency:

ke
wr=wl - = (A.13)

m

k

2 2 e
—w2(1- ) Al4
i (A14)
(A.15)

The resulting frequency of the resonator, including the linear effects of the elec-
trostatic force is given in equation A.16. Since the electrostatic stiffness is a positive
valued constant, the effect of the electrostatic force is to reduce the frequency of

vibration.

ke 1
f:fn\/l—@—ﬂ)%_f_g (A.16)



Appendix B

Anisotropic Young’s Modulus of

Silicon

Silicon is an elastically anisotropic material. The Young’s Modulus, which relates
uniaxial stress and strain, will change depending on the direction relative to the
crystal’s material frame. For cubic materials, such as silicon, there exists a simple

analytical expression for the direction dependent Young’s Modulus [24]:

1
Bl

1
= S11 — 2(S11 — S12 — 5544)(0252 + a?y* + 3%+%) (B.1)

In equation B.1, Ejy is the Young’s Modulus in the direction given by the [hkl]
Miller indices which represent the direction through the crystal. 511,512, and S44
are the compliance coeflicients relating stresses to strains. «, 3,7 are the direction

cosines relative to the direction of interest through the crystal (Figure B.1):

a = cos(f,) (B.2)
B = cos(63) (B.3)
v = cos(6) (B.4)

For loads applied in the <100> group of directions, the Young’s Modulus in
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[001]
A

[100]

Figure B.1: For a given direction through the crystal, the direction cosines are defined
relative to the material’s frame of reference

equation B.1 simplifies to:

1
E<1oo> = 5_11 (B-5)

Taking the temperature derivative of equation B.1, the linear temperature coeffi-

cient of Young’s Modulus is defined as:

TCE\ ity = Ejpi) (TCS1.11511

1
- 2(TCS51,11511 — TCS1,12512 — 5T051,44544)(04252 + a®y? + 52’72)) (B.6)

The quadratic temperature coefficient of Young’s Modulus, T'C'Ey 44y, can also
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Elastic Temperature Coeflicients
Constants (x10712) |[ Linear (ppm/°C) | Quadratic (ppb/°C?)
St 7.69 TCS,y | 636 | TCSzn| 6051
Stz 214 TCSi1 | 45.79 | TCS212 | 75.70
Su 12.58 TCS141 | 57.96 | TCS241 | 57.31

160

Table B.1: Compliance Coefficients of Single Crystal Silicon Bourgeois et al. [16]

Direction | E (GPa) | TCE; (ppm/°C) | TCE, (ppb/°C?)
[100] 130.0 -63.60 -56.47
[110] | 168.9 63.82 51.99

Table B.2: Young’s Modulus and it’s temperature coefficients in the [100] and [110]
directions Bourgeois et al. [16]

be determined. However, it is analytically complex and is best determined computa-
tionally.

Silicon MEMS devices are predominately manufactured using single-crystal silicon
wafers with a [001] normal. The directions of interest in the plane of the wafer have
v = 0. The Young’s Modulus in the plane of the [100] wafer can be written by
simplifying equation B.1 and rewriting in terms of a single angle dependence, 6,:

2= S = 2(8 = S - Su) o)

Table B.1 shows the compliance coefficients and their linear and quadratic temper-

(B.7)

ature coefficients taken from Bourgeois et al. [16]. Figure B.2 is a plot of the direction
dependent Young’s Modulus, linear temperature coefficient of Young’s Modulus, and
quadratic temperature coefficient of Young’s Modulus normalized to their respective
values in the [100] direction (Table B.2). The flexural mode double-ended tuning fork
resonators demonstrated in this dissertation are predominately oriented in the [110]

direction. These values are also given in Table B.2.


http://TCS2.11

APPENDIX B. ANISOTROPIC YOUNG’S MODULUS OF SILICON 161

[010] — EO)E,,
— TCE (8)/TCE
— TCE,(8)/TCE

1.50

1.1100]

2,1100]

125 | D

[110]
1.00 '

0.75
0.50

025}

: ; ; : [100]
0 025 050 075 100 125 150

Figure B.2: Direction dependent Young’s Modulus, TCE1, and T'C E, of Silicon nor-
malized to their respective [100] values found in Table B.2



Appendix C

Positive TCE of Silicon Dioxide

The earliest studies of the temperature dependent properties of amorphous silicon-
dioxide were in 1890 when Threlfall [27] observed that that the shear modulus of
a fused silica rod would increase as the rod was heated. A more accurate investi-
gation into the Young’s Modulus of fused quartz was performed by Drane [27] in
1929. Drane used the end displacement of a fused quartz cantilever under varying
temperature conditions to extract the Young’s Modulus. At 25 °C Drane measured
the TCE of fused quartz to be approximately 163 ppm/°C. In 1953, McSkimin et al.
[64] measured the Young’s Modulus of a fused silica rod using ultrasonic wave prop-
agation. Unfortunately, only plots of the data are published. Extraction of the data
using software DataThief [86], indicates a TCE of 185 ppm/°C. In 1960, Spinner and
Cleek [83] measured the flexural mode frequency of a fused silica bar to extract the
TCE. The publication also indicates that the quadratic temperature coeflicient of
Young’s Modulus is negative. Unfortunately values for the material properties are
only provided in plot form. Extraction of the TCE from the plots indicates a TCE
of 192 ppm/°C. More recently, Kushibiki et al. [53] reported on the effect of OH ion
content on the temperature coefficient of longitudinal velocity of various bulk sam-
ples of glass. A higher temperature coeflicient of velocity was attributed to a higher
OH content. The temperature coefficient of Young’s Modulus could not be extracted
since only the temperature dependence of longitudinal velocity was reported.

One of the first measurements of the temperature dependent material properties
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of thin film SiO, was reported by Faouzi et al. [29] in 1985 on sputtered SiO,. The
properties were extracted from the temperature coefficient of phase delay in a surface
acoustic device. The extracted temperature coefficient of Young’s Modulus is approx-
imately 125 ppm/°C. One of the only measurements of the temperature coefficient of
Young’s Modulus of thermally grown SiO; was performed by Sandberg et al. [79].
A TCE of 195.8 ppm/°C was extracted from frequency measurements of a cantilever
micromachined from a thermally grown layer of SiO,.

Although the anomalous behaviour of silicon dioxide has been observed for over a
century, determining the cause is an ongoing exploration. Anderson et al. [5] provides
one of the earliest explanations, which links the positive temperature coefficient of
Young’s Modulus to having a extremely low coefficient of thermal expansion. Using
the assumptions of a Born-von Karman solid to model a crystal, the temperature

dependence of modulus is given as partial derivatives with regard to temperature, T,

oM oM oM
T “V<a—v>T + (ﬁ)v (C1)

For small coefficients of thermal expansion, «, the left term to the right side of the

and volume, V:

equal sign in equation C.1 becomes insignificant, and the temperature dependence of
modulus is dominated by the the temperature dependence of modulus at constant
volume [17]. For small coeflicients of thermal expansion and moderate to high tem-
peratures, Anderson et al. [5] showed that the temperature dependence of modulus
is positive.

More recently, the anomaly has been studied using molecular dynamics simula-
tions. Structural analogies between cristobalite, a crystalline form of SiO2, and amor-
phous SiO2 are made. Molecular dynamics simulations indicate that the rotation of
the Si-O-Si planes could result in a stiffer structures [42, 43]. Cristobalite is known
to be a structural polymorph exhibiting one form at low temperatures, ca-cristobalite,
and another form at high temperatures, g-cristobalite. Molecular dynamics simula-
tions indicate that a sharp transition occurs between these two states and that the

structure at high temperatures leads to a larger Young’s Modulus. Unfortunately,
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the Young’s Modulus of g-cristobalite has not been measured as the structure be-
comes unstable at high temperatures where the transition occurs. Le Parc et al. [55]
provides a good overview of the study of anomalous behavior in silicon dioxide.

In amorphous silicon dioxide, the transformation to a stiffer structures happens
gradually over temperature. Researchers have began to characterize amorphous sil-
icon dioxide as a polyamorph - an amorphous material with different short order
structures at low and high temperature [41]. Youngman et al. [96] argues that the
rotation of the bond angles occurs without breaking of chemical bonds.

The rotation of the bond angle of the tetrahedral structure of silicon dioxide is also
common to germanium dioxide. Measurements of the Young’s Modulus of germanium

dioxide show a positive temperature coefficient of Young’s Modulus as well [83].
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