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energy loss by thermoelastic
damping

energy loss by viscous damping
energy loss by other phenomena
motional resistance in the
electrical equivalent circuit for a
resonator, “motional impedance”
load resistance

source resistance

small signal resistance

complex frequency

strain (also ¢)

time

thickness

stress (also o)

ambient temperature
mechanical displacement
energy

resonator displacement

dc potential between electrode i
and resonator body

dc potential of resonator body
dc potential between resonator
body and electrode i

acoustic velocity

resonator width

Wmax

N

Z

1D
3D
CBAR

CD
CF

dc

DOF
DFM
DRIE
FBAR
FE

FEA
GBW
HARPSS

IBAR
OCXO

PLL
ppm
RIE
SCS
SEM
SOl
SiBAR
TC
TCXO

VCXO

X0
Zn0O

piezoelectric resonator electrode
width

maximum elastic stored energy
electrical impedance

test impedance (of the device
under test)

one-dimensional
three-dimensional

composite bulk acoustic
resonator

critical dimension
clamped-free boundary
condition

direct current

degree of freedom

design for manufacturability
deep reactive ion etching

film bulk acoustic resonator
finite element

finite element analysis

gain bandwidth

high aspect ratio combined poly
and single-crystal silicon
process

I[-shaped bulk acoustic resonator
oven-controlled crystal
oscillator

phase-locked loop

parts per million

reactive ion etching

single crystal silicon

scanning electron micrograph
silicon on insulator (substrate)
silicon bulk acoustic resonator
temperature compensation
temperature compensated
crystal oscillator
voltage-controlled crystal
oscillator

crystal oscillator

zinc oxide

Parameters are rms unless otherwise
specified. ‘pk’ designates peak values.
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SUMMARY

The need for miniaturized frequency-selective components in electronic systems
is clear. The questions are whether and how micro-electro-mechanical systems (MEMS)
can satisfy the need. This dissertation aims to address these questions from a scientific
perspective. Silicon is the focus of this work, as it can benefit from scaling of the
semiconductor industry.  Silicon also offers many technical advantages. The
characteristics of silicon resonators from 32 kHz to 1 GHz are described. The
temperature stability and phase noise of a 6-MHz temperature-compensated oscillator and
a 100-MHz temperature-controlled oscillator are reported.

Silicon resonators are discussed in the context of frequency references. Resonator
design and characterization, with a focus on quality factor, linearity, and the electrical
equivalent circuit, are included. Electrical tuning, electromechanical coupling, finite
element modeling, and unexpected findings of these resonators are also described. A
manufacturability technique employing batch process compensation is demonstrated.

The significance of this work will be unknown for some time. The frequency
control and timing industry is not transparent to many researchers, suppliers, and end-
users. The applications and their requirements vary across the gamut. The answer to
whether MEMS is beneficial to the industry is a resounding ‘Yes!” The aim of this
research is to explore the fundamental limitations, provide a foundation for future work,
and also paint a clearer picture on how micromechanical resonators can complement

alternative technologies.
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CHAPTER 1 INTRODUCTION

The objective of this research is to model and characterize silicon
micromechanical resonators with potential for microelectronic integration throughout the
LF, MF, HF, VHF, and UHF bands (Figure 1.1). The ultimate goal is to enable small-
form-factor frequency references and enable new applications. Resonator performance
metrics, including the equivalent circuit, quality factor, electrical tunability, linearity, and
temperature stability are investigated. The effect of these metrics on oscillator
performance is also studied. This work complements the fabrication and interface circuit

research of my colleagues in advancing micromechanical resonator technology.

/ High Q, low R;, good linearity\

SEM and
- fabrication
by SP and RA
S =
30kHz 300kHz 3MHz 30MHz 300MHz
IBARSs Piezo CBARs

SiBARs

Qgh 0, good tunability, low R, J \ Piezoelectric, low R, J

Figure 1.1 Micromechanical resonators in the LF band to UHF band.




Capacitive and piezoelectric silicon resonators are investigated. The majority of
devices in this work are two-port and symmetric (Figure 1.2). One important resonator
metric is the frequency and quality factor (f~Q) product. Measured quality factors are
plotted over frequency in Figure 1.3. The optimal frequency range and maximum
predicted O for each resonator type is identified by the solid lines. The measured f~-Q

product of the SiIBAR approaches the empirical limit of quartz.
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Figure 1.2 Simplified electrical equivalent circuit of a two-port symmetric resonator.
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Figure 1.3 Quality factor vs. frequency of silicon micromechanical resonators.



1.1 Motivation and Origin

The frequency reference has eluded the trend of consolidation in silicon for many
years.. A practical alternative to quartz is sought to enable greater functionality,
performance, miniaturization, and efficiency. The alternative is the micromechanical
resonator [1-7]. By the end of the 20™ century, technologists began to demonstrate that
this semiconductor dual of the quartz crystal [8,9] can be practical.

Early demonstrations of microresonators showed great potential and also signs of
the challenges ahead. The smaller dimensions reflect into smaller signals to detect.
Hopes were high that the new technology would reach beyond the frequency barrier of
quartz. However, detecting “micro” responses beyond 1 MHz was challenging at the
time." For this reason, interfacing to microresonators is a major accomplishment. The
performance was also inferior to the incumbent. Whereas high-quality quartz has a Q
greater than 1x10” at 1 MHz, microresonators before the new millennia rarely had Q
greater than 1x10%. The mechanisms limiting the quality factor were not well understood.

The field was very exciting when this research began in 2001. There were many
unknowns — the most motivating was unawareness of the limitations. The bottleneck was
and continues to be process technology. Surface-micromachined polysilicon comb drives
[5,6] and beam resonators were the norm in the early years. See Figure 1.4a. These
capacitive resonators require polarization between the resonator and the electrode.
Trench etching in bulk silicon was popularized when anisotropic plasma reactive ion

etching (RIE) technologies were developed [10,11]. It was soon realized that resonators

Here “silicon” refers to processing on a semiconductor-standard substrate.
" Some reported devices were observed with interferometric and unconventional means.



beyond 100 kHz required parallel-plate transduction [12] and gaps smaller than 1 pm
[13,14]. One technology that embraces bulk silicon etching and enables sub-micrometer
gaps is the high aspect ratio combined poly and single-crystal silicon (HARPSS) process
[15]. Common criticisms of early capacitive resonators were the high device impedance
and high polarization voltages (Vp) necessary for operation.

Piezoelectric micromechanical resonators (Figure 1.4b) are similar in structure to
quartz crystal resonators. The difference is in thin-film deposition to create the
piezoelectric stack.* The challenge in micro-scale piezoelectrics is the deposition of a

Y Since the

quality zinc oxide, aluminum nitride, or lead zirconium titanate film.
electromechanical coupling from these materials is inherently greater than capacitive
transduction, signals are larger and easier to detect. An additional advantage is that Vp is

not necessary for piezoelectrics. However, the multi-layer structure may limit the quality

factor to several thousand [16].

Figure 1.4 Two-port configuration of a) an in-plane capacitive beam resonator and b)
an out-of-plane piezoelectric beam resonator.

* The stack consists of a piezoelectric film between two conductive layers
¥ The emerging wireless handset market spurred strong research in film bulk acoustic
resonators, which also comprise of a piezoelectric stack.



1.2 Oscillator and Resonator Specifications

Although reference oscillator specifications have many metrics, oscillators can
generally be classified by their temperature stability. The specifications for typical quartz
oscillators (XO) are shown in Table 1.1. Standard temperature-stable” XOs have 50
ppm or better stability over temperature. Temperature-compensation by frequency
“pulling” enables TCXOs with 1 ppm stability. Other specifications include initial
frequency accuracy, phase noise, long-term stability, and tuning range. For use in mobile
applications, low power consumption and small package size are especially desirable.

Any emerging technology must enable similar specifications (Table 1.2). First
and foremost, device impedances (R)) in the range of mega-Ohms must be overcome for
functionality. Reduction of Vp is desirable’™. Since long-term stability is critical,
material quality and encapsulation are paramount. The resonator must be temperature-
stable or allow tuning for compensation. A means to manufacture a repeatable center

frequency is necessary. A low R is also desirable for lower power consumption.

Table 1.1  Typical specifications and estimated pricing of quartz oscillators in 2006.

X0 VCXO | TCXO | OCXO
Frequency [MHz7] 0.03-100 | 1-100 10-50 10-50
Frequency Accuracy and
Temp. Stability, 125°C [ppm] >0 >0 15 0.1
Tuning [ppm] - +100 - -
Power [mW] 0.001-50 | 5-50 5-50 |1000-10"
Size [mmxmm] 32x25 |32x25(3.2x2.5]| 20x 20
Cost $0.05-0.50] $0.50 $0.80 | $10-50

* Temperature-stable quartz consists of the AT-, BT-, and SC-cuts.
" Although high-voltage technologies (generating up to 100 V) are available, they are a
specialty rather than a standard.



Table 1.2 Summary of micromechanical resonator requirements.

Oscillator Resonator Requirement
Specification
Frequency accuracy Repeatable f, fine tuning or trimming
Temperature stability | Temperature stable, fine tuning for compensation
Phase noise High Q, good linearity, low sensitivity to external
excitation
Power consumption Low R,
Long-term stability Material quality, reliable packaging
Voltage control Fine electrical tuning

The phase noise determines the quality of the oscillator. With a slight
modification to Leeson’s model [17], the single-sideband phase noise can be expressed as

[18,19]

o (AY L  Fk,T
L[H(zQL] f;]{blfm Tk } (D

where f is the carrier (center) frequency, f,, is the modulation frequency, F is the noise
figure of the amplifier, k3T is the thermal noise (-174 dBm/Hz), Q; is the loaded Q of the
feedback resonator, and Py is the signal power at the input of amplifier. The typical
phase noise obtained using a high-Q resonator in feedback is illustrated in Figure 1.5.
Greater linearity in the resonator enables a lower noise floor. High Q is imperative as it

reduces the Leeson frequency, given by

o

Ty

; (1.2)

and enables low close-to-carrier noise.
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Dependence of single-sideband phase noise on Q and Px.



1.3 Quality Factors in Resonators

The unloaded quality factor Oy of a resonator is a metric of its frequency stability.

Qu of a mechanical resonator is determined by number of dissipation mechanisms.

-1

1 1 1 1 1

0, = + + + + (1.3)
. ( Qmat] qupp QTED Qvisc Qother J

In (1.3), Qmaﬂ'l is attributed to intrinsic losses in the material [20], qupp'l represents
energy loss through the anchor [21-23], Ozp™ is the thermoelastic dissipation [24-27],
and O, is caused by viscous damping [28] and squeeze-film damping [29] of the
surrounding medium. the/l includes dissipation at material interfaces, losses relating to
surface effects, and any other dissipation mechanisms.

For an ideal mechanical resonator, in which the only dissipation is intrinsic (i.e.,
material dissipation), constancy of frequency-Q product exists [20]. The intrinsic losses
can generally be described by a motional time constant z; of the material, which defines

the intrinsic Q as
O=—". (1.4)

Generally, 7; is 1-10° femto-seconds for low-loss crystalline materials. For AT-cut quartz
at room temperature, 7; is ~10 fs and the intrinsic £~Q product is 1.6x10".
Micromechanical resonators are generally susceptible to the aforementioned loss
mechanisms [30-32] more than their macroscopic counterparts. The increased surface-
to-volume ratio of the resonators increases their sensitivity to surface-related dissipation,
such as viscous damping and adsorption-desorption [33]. A high-Q resonator requires a

balance of material selection, process, encapsulation, and design.



1.4 Silicon as a Resonator Material

Single-crystal silicon (SCS) is attractive as a structural material since it is well
characterized, its material quality is tightly controlled, it is intrinsically low-loss, and the
crystalline nature has potential for excellent linearity. Capacitive resonators formed in
SCS can be monolithic (i.e., not a composite of materials). They have potential to meet
the tightest aging specification for any mechanical device. Furthermore, it will be shown
that capacitive resonators fabricated from SOI substrates have higher performance than
those fabricated from deposited thin-films. The primary challenge in using silicon,
however, is the temperature dependence of its elastic properties.

The natural frequency of a resonator can be expressed as

A
1 =L—”va (1.5)

gen
in which Lg, is a generalized frequency-defining dimension, 4, is a dimensionless
parameter, and v, is the acoustic velocity of the mode. Defining yr as the fractional
frequency dependence on temperature,

1 of, 1 dv,
Vr=E Tt
f, oT v, dT

(1.6)

in which o is the linear thermal expansion coefficient. Quartz is unique in that oy and

1 dv,

v

a

have equal values at certain temperatures depending on directionality [8].** In

other materials, however, the effect of temperature change must be compensated to

provide a stable f,.

Y The stability for temperature-compensated cuts can be as good as 20 ppm over 125°C.



For a one-dimensional (1D) approximation, v, = (E; )", where E; is the elastic
modulus in direction i, and p,, is the mass density. By defining ar as the temperature

dependence of the elastic modulus, y7 simplifies to®®
1
7r:E((ZL+0(E). (1.7)

The linear thermal expansion coefficient a; for SCS is temperature-dependent and is 2.3
to 2.6 ppm/K at 300 K [34-36]. «; increases from 0 ppm/K at 100 K to 3 ppm/K at 400
K. ag is dependent on the mode, directionality, doping, and temperature and is
approximately -60 ppm/K. Therefore, the expected temperature coefficient is -27 to -31

ppm/K for various modes [35,36].

% The fractional mass density dependence on temperature is -3a;. Both a; and o are
temperature dependent.

10



1.5 Fabrication Technology

The fabrication technology is presented to complement discussions on design and
characterization. In total, three fabrication technologies were used in this work. All are
based on reactive ion etching on silicon-on-insulator (SOI) substrates.”

The capacitive resonators presented in this work were fabricated using two
fabrication technologies. In the first technology, transduction gaps were defined by deep
reactive ion etching (DRIE) of trenches in device silicon [10]. A single lithography can
be used to define all necessary features for a functional resonator on SOI. Devices have
been patterned using both optical lithography and electron-beam lithography [37].
Removal of buried silicon dioxide (oxide) releases the device.

The majority of capacitive resonators in this work were fabricated using the three-
mask HARPSS-on-SOI process [38]. See Figure 1.6. Trenches are etched in the device
silicon. Oxidation follows to create a sacrificial oxide liner. The thickness of the oxide
defines the gap. Polysilicon is then deposited to fill the trench and create the electrode.
Patterning for isolation follows. Devices are finally released by removing the buried
oxide and sacrificial oxide. This process is unique in creating very thick silicon devices,
up to 100um thick, with sub-um gaps. Devices with gaps as small as 65 nm have been

fabricated [39].

™ Although encapsulation and packaging may be the most undervalued element of a
micromechanical system, issues relating to these topics are not discussed.

11
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(a) Grow and pattern initial oxide (b) Etch trenches, deposit LPCVD
sacrificial oxide, and etch back oxide

ads ot s

(c) Pattern silicon substrate and (d) HF release
polysilicon inside the trenches

Figure 1.6 HARPSS-on-SOI process flow for capacitive resonators.

Piezoelectric resonators were fabricated using a low-temperature five-mask
piezoelectric-on-SOI process [40,41]. See Figure 1.7. A zinc-oxide (ZnO) piezoelectric
stack is created on the device silicon (which may be high-resistivity). Typical substrates
have a 5-um thick device layer. Devices are aligned to <110>. To create the stack, 100-A
chromium adhesion layer and a 1000-A gold film are evaporated and patterned. Next, a
0.5-um thick zinc oxide film is sputtered. The quality of sputtered ZnO on gold-coated
silicon was much higher than the quality of ZnO on aluminum or platinum. The full-
width half-maximum of the rocking curve was approximately 5°. Next, a 1000-A
aluminum film is evaporated and patterned by liftoff for the top electrode. There are two

variations of this process for release. The first calls for backside etching of handle silicon

12



[40]. The other process requires buried oxide to be removed before creating the

piezoelectric stack [41].

Etch trenches through device
| | layer (Maskl) and etch buried|
oxide beneath devices in HF

I [ Evaporate 500-A Cr adhesion|

layer followed by 2000-A Au to|
form the ground plane. Deposit]
. ' (002) ZnO by RF sputtering.

Form the top -electrodes by
liftoff of 1000 A of evaporated
aluminum (Mask?2)

)

Pattern the ZnO film for access
to ground plane (Mask3)

(1 Gotd M 700 [ Atuminuml] Device Si
[ ] Handle Si ] Buried oxide (SiO»)

Figure 1.7 Piezoelectric-on-SOI fabrication process flow.
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CHAPTER 2 RESONATOR CHARACTERISTICS

Characteristics of capacitive and piezoelectric silicon resonators, their models,
and the analysis tools and apparati for their characterization are described. The
significance of the normalized dynamic stiffness (k,/4.) of a capacitive resonator is
presented. A simple numerical technique for capacitive coupling is developed. Voltage-
sensitivity of a resonator is described and proposed for tuning. The linearity limits of a
resonator are also investigated. The highlight of this chapter is a manufacturability
technique for repeatable center frequency.

The investigated resonators are the symmetric two-port variety, for which the
simplified electrical equivalent circuit in Figure 1.2 suffices in most scenarios. One
should refer to [42] for a complete model of a two-port resonator. This dissertation
focuses on designing resonators such that their electrical equivalent circuit containing the

RLC elements enables a high-performance oscillator.

R tot le n,CIZ

=, 5 , (2.1,2.2,2.3)
®,0n" n ki

In these expressions, &, is the total dynamic stiffness, m, is the dynamic mass, w, is the

angular natural frequency, and 7 is the coupling coefficient. For a capacitive resonator,

the linearized coupling at port 7 is given by

oC V&4,

= Piay ~ J> (2.4)

where d is the gap and Vp; is the bias potential between the resonator body and electrode i.
Since R, is inversely proportional to electrode area 4., devices formed in thick SOI are

superior to devices formed in thin deposited films.
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2.1 Frequency Tuning

Electrical tuning is desirable in resonators for trimming and frequency control.
Electrical trimming is advantageous over alternative techniques such as material removal
processes for its reversible nature and applicability at the end-of-line. Dynamic
frequency control is also desirable in voltage-controlled oscillator applications. Increased
frequency control, however, typically leads to undesired sensitivity to the control
parameter. Since micromechanical resonators are inherently stable, they are most
suitable for applications requiring 1% tuning or less.

Two options are available for tuning the operational frequency of a resonator:
tuning the elements in the motional arm (Figure 2.1a) and the use of external elements as
done traditionally with quartz crystals (Figure 2.1b). It will be shown that C; tuning is
possible by varying the polarization (bias voltage) on a resonator. The degree to which
C can tune the series resonance is explained in depth. Tuning of the parallel resonance
by an external C; is limited to piezoelectric resonators, since C; for capacitive resonators

is typically less than 1 fF.

Figure 2.1 Tuning mechanisms for a) two-port and b) one-port resonators
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The inherent electrostatic tuning of parallel-plate transduction is one of the
attractive features of capacitive resonators. The total dynamic stiffness is given by
k, =k +N,k,. (2.5)
From Appendix A.4, the displacement-linearized k. from electrode i is given by

Vv, ed,
@0 = —fT- (2.6)

For a device with two electrodes, the relationship between the series resonance frequency

fo=1/2n(L,C,)” and the natural frequency f, = 1/2n-(k,/m,)” simplifies to

/s &4,

_zl_

£, k.d’

n

V! 2.7)

in which k<<k, and 4. is the area of one electrode. By varying Vp;, f; can be tuned.

Defining Af; = f;—f.,

A, &4, (7 =7,7) 2.8)

~ —

£ kd

n

For tuning and R;, the normalized stiffness k,/4. is of utmost importance rather than &, or
k. Since k,/A. and gap size vary between designs, the electrostatic tuning coefficient is

introduced.

(2.9)

In defining y., tunability of various resonator topologies can be easily evaluated. The
square dependence of Af; on Vp; is evident. To increase electrostatic tuning, the gap size

and normalized stiffness must be minimized.
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2.2 Device Linearity

Optimization of linearity is essential for the noise floor of an oscillator. Linearity
is typically represented as an output current to a reference impedance. Since resonators
can have a wide range of impedances, specification of the resonator absorbed power is
more suitable.” Deliverable power can then be found using the ratio of the load
impedance to the device impedance.

The absorbed power in the resonator is expressed in the mechanical domain as

W @
PR,max = mQaX (210)
in which maximum stored energy is given by
1 2
Wmax = 5 ktotumax,pk (21 1)

where maxpk 1s the maximum peak displacement amplitude.’

The nonlinearities observed in the measured devices originate from material
limitations [43] and not due to geometric effects, electrostatic stiffness nonlinearities, or
transduction nonlinearities. This is especially convenient for understanding fundamental
limitations. The linearity of the material is defined by the maximum strain or the

maximum energy density. For a 1D extensional resonator, the dynamic stiffness is

2.12
: Y (2.12)

" As in any lossy element, absorbed power leads to self-heating. In most cases, the
resonator body is a sufficiently good thermal conductor so that localized temperature
gradients are minimal.

" Throughout this document, harmonic signals are rms values unless otherwise specified.
For example, tmax 1s the maximum rms displacement, whereas tmaxpk 1s the maximum
peak displacement.

17



The energy density py, = W/(Lwt) for a 1D extensional resonator is given by

e 2
2_2
~ nrw E,' Um,max—pk

~ 2.13
p W,max 4 L ( )
Since the peak strain occurs at the center of the structure, where § = n;zU_mL‘1 ,
ES_°
pW,max ~ l Z;-nax (2 14)

Reported maximum energy densities for bulk acoustic wave quartz crystal units and
capacitive silicon micromechanical resonators are 190 J/m® and 180 kJ/m’, respectively
[44].‘+‘ Since stored energy loosely determines the noise floor of an oscillator, a quartz
resonator and a silicon resonator with 1/1000 of the volume will enable the same noise
floor.

The maximum rms output current is the product of # and the maximum rms

velocity. Simplifying, /> max becomes an expression of 7 and material properties.

T
Lo =11, =20, /—p 2y 2.15)
m, P,

Increasing the electromechanical coupling will increase />max. The absorbed power,

however, remains constant since Pr max 1S defined by material limits.

* For the <110 direction in silicon, a maximum strain Sp.x of ~0.21% is expected at the
elasticity linearity limit.
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2.3 Generalized Capacitive Coupling

In the expressions for the motional parameters, the dynamic mass and stiffness are

given by
u’(x,y,z)dV
m,=p J.V 5 , and (2.16)
ua
k,=a’m, (2.17)

Assuming a capacitive resonator has a uniform displacement along the electrode, u, is
evaluated at any point on the resonator surface. This assumption is used in deriving # for
parallel-plate resonators (2.4). Some devices, however, do not have uniform
displacement along the electrode (Figure 2.2). The objective is to take the mode shape of

a general resonator and map into a parallel-plate equivalent. It is shown in Appendix A.3
that the average displacement along the electrode Z is the proper value for u,. The

parameters m, and k, are modified and (2.4) remains valid for the complex mode shape.

COMPLEX PARALLEL PLATE

l_l Electrode | | Electrode Il_
d d
S o wes—
| Electrode | | Electrode |

I A
m k =V, —=
; n n 77 Pi d2

Figure 2.2 Mapping of a capacitive resonator with complex mode shape into a parallel-
plate equivalent.
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2.4 Finite Element Modeling

Analysis by the finite element method is useful especially for anisotropic
materials. Although recent modeling tools also include the ability to model transduction,
the analyses in this work are purely structural. By doing so, complexity of the models
and computational requirements are kept at a minimum.

ANSYS was selected as the analysis platform. All models of single crystal silicon
in this work are meshed with SOLID186 elements. The element axes are rotated to align
to specific orientations in SCS. Mapped meshing is done for all models. Verification
and mesh-dependency analyses were performed to validate the models. The majority of
the models are used in three-dimensional (3D) modal analyses. Some nonlinear static
analyses were also completed to understand resonator characteristics. Preloaded stress
analysis in ANSYS also provided the ability to model the effect of external vibrations on
resonator behavior.

The numerical models in this work, particularly the capacitive coupling analyses
utilize results generated by ANSYS. Data is extracted from ANSYS output files and are

subsequently processed in MATLAB.
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2.5 Manufacturability

The minute dimensions, for which micromechanical resonators are attractive, also
raise manufacturability challenges. Precision and repeatability in the operating frequency
are critical for most applications. A variety of techniques have been suggested to address
the manufacturability issue [45]. Post-fabrication trimming techniques including laser
ablation [45,46] and selective material deposition by localized heating [47,48] have been
proposed. However, these serial and possibly iterative processes may limit throughput.
Selection of one device in a large fabricated array is also plausible, albeit at the cost of
increased die area. Programmable fractional-N phase-locked loops (PLL) have also been
demonstrated as a solution to obtain initial accuracy [49,50].

The proposed approach is based on design for manufacturability (DFM). Single
crystal silicon is again attractive since its mechanical properties are deterministic. In
contrast, DFM is difficult with deposited structural materials since their elasticity may
vary by several percent. Since the density and elasticity of silicon is dependent on doping
and directionality, sufficiently accurate quantification of doping profiles and alignment to

crystal axes are critical for repeatability.

2.5.1 DFM for Capacitive Resonators

High-performance capacitive resonators must have large transduction area. This
requirement calls for deep reactive ion etching (DRIE) of thick devices, whether trenches
are used for transduction [43,51] or used in defining sacrificial gaps [15,38]. Trench

etching has non-ideal characteristics such as scalloping, striations, footing, and non-
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vertical profiles (Figure 2.3). The first two phenomena and can be controlled to within
50 nm with respectable etch rates. Footing is minimized with good process control.
Although trench tapering and tilt can be as high as +5° across substrates, their effect is
minimal since the resonators operate in lateral modes along the substrate (further
discussed in Section 5.5).

Other than etch, lithography and pattern transfer account for the majority of
micromachining variations. They limit the dimensional accuracy of micromechanical
resonators, which typically compromises center frequency accuracy. Although these
variations are temporally random, they are spatially systematic (i.e., all features on a
single device can be assumed to have equal bias). Figure 2.4 shows the effect of process

bias on uniform clamped-free and clamped-clamped beams.

Striations

Scalloping §
L = 50nm

et

EHT= 3.00kv Signal A= InLens Date 2 Ott2005 _ EHT = 3.00ky Signal A= InLens Date :2 Oct 2005
WD= 6mm PhotoNo. =112 Time :0:0359\ Mag = 37.53 KX WD= 6mm  PhotoNo.=5111 Time :0:02:00

S

Figure 2.3  Striations, bowing, and scalloping in deep reactive ion etching.
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Process compensation of center frequency is conceptually straightforward. Since
critical dimension (CD) variations lead to deviations from the modal stiffness &, and mass

my, the natural frequency given by

f, L& (2.18)

2r\m,

may also deviate from the ideal design value. A robust design ensures that variations in

k, are proportional to variations in m, such that f, has zero-sensitivity to process bias d.

8fno

e (2.19)

Clamped-Free Clamped-Clamped

Figure 2.4 Design dimensions and resulting geometry from process bias on clamped-
free and clamped-clamped beam resonators.
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2.5.2  Starting Material Considerations

The DFM approach is contingent on a repeatable acoustic velocity. Assuming a

one-dimensional mode, v, is given by

E,
=, 2.20
=\, 220

Since f, is linearly dependent on v,, the acoustic velocity must be repeatable. Although
the elastic moduli £; and mass density p,, of silicon are known only to within £200 ppm
for a limited number of dopant concentrations [52], we can make qualitative conclusions
from the data.

The acoustic velocities vary by less than 1% between pure (p,~10") and heavily
phosphorus-doped (p,=2x10") silicon. Heavily-doped silicon grown by the Czochralski
method typically has dopant uniformity better than 5:1 throughout the ingot and over
time. Substrates doped by implantation have greater dopant uniformity. From this, it is
plausible that the variation of v, due to dopant concentration variation is 100 ppm or less.

Since silicon is anisotropic, wafer alignment to crystallographic directions is
required. On the (100) plane, the directional elasticity varies 15 ppm and 90 ppm for
+0.2° and +0.5° offset from «110», respectively [53]. Thus, the ability to align features
accurately to «110> and to align the substrate normal to <100> also dictates the v,

repeatability.
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2.5.3 DFM of a Clamped-Free Beam

Although each process has unique process bias characteristics, a generic DFM
approach is presented. The process bias on the critical dimensions (CD) and other
features on any single resonator are assumed to be systematic. For example, the effect of
process bias on clamped-free and clamped-clamped resonators is shown in Figure 2.4.

Clearly, the uniform beam geometries in Figure 2.4 cannot be process
compensated. However, it is analytically proven in Appendix A.6 that the tapered profile
in Figure 2.5 can satisfy (2.19). The mode shape of the CF beam can be approximated by
u, = (x/1)°, where a is typically bound by [1.4,2.0]. Depending on the value of a, ratios
between the width at the free end w, and at the clamped-end w; exist which allow process
compensation. The locus satisfying (2.19) for a range values for a is shown in Figure 2.6.

The solution requires that w, be 10-20% of wj.

1T

Figure 2.5 Clamped-free flexural beam with a generic profile along the length.
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Figure 2.6 The locus of w»/w; that satisfies the condition of zero frequency-sensitivity
on process bias for a clamped-free beam.

For verification, finite element analysis was performed. The FE model of a 10-
MHz process-compensated clamped-free beam and its frequency sensitivity are shown in
Figure 2.7. The frequency variation over a process bias window of £0.5 pm is 800 ppm.
Since extensional mode resonators have the largest dimensions, the frequency variation
for an extensional resonator at the same frequency is also shown (as a blue dotted line) in
Figure 2.7. The predicted frequency variation for the beam is less than half the variation
for the 10-MHz extensional resonator.’

Considering all the factors contributing to variations in frequency, it is
conceivable that micromechanical resonators can be manufactured to within 1000 ppm of
the target f, as-fabricated. To further improve accuracy for exacting frequency

specifications, frequency tuning using a bias voltage is a viable option.”

¥ In Section 0, another process-compensated resonator design is discussed. The predicted
frequency variation is within 1 ppm for the process bias range of £0.5 um.
Elaboration on this topic is continued in the Conclusions, page 91.
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Figure 2.7 Finite element model of a tapered 10-MHz clamped-free beam resonator.
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Figure 2.8 Frequency sensitivity of a tapered process-compensated 10-MHz clamped-

free beam resonator.
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2.6 Resonator Interfacing & Experimental Setup

Two experimental apparati were used in collecting the reported data. The majority
of the data was collected using an Agilent 4395A network analyzer with a resistive
divider (Figure 2.9). Resonators were often characterized in vacuum, either in a Desert
Cryogenics vacuum probe station or in a custom vacuum chamber (i.e., wire-bonded on a
PCB). As research progressed, an Agilent E5071B network analyzer with an s-parameter
test set was acquired. High-frequency piezoelectric resonator measurements reported in
Section 4.2 were made on a Suss RF probe station with GSG probes at atmospheric

pressure. SOLT calibration was performed on the Agilent E5071B network analyzer.

| IC;O :DUT
I
1 |
is |% I ; | 2
i R[ L[ C[ Rqs | i
Lwewd |
L _________/
2 O \
Rrefg ViqVeet RL§ Vs
QY
O O O
L 2

Figure 2.9 Experimental Apparatus A: Agilent N4395A with a resistive divider test set
for transmission measurements.
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2.6.1 Device Impedance and Quality Factor

Low motional impedance has been difficult to achieve in capacitive resonators
until recently. For devices measured using the resistive divider test set, the test

impedance R, is given by
1
R:RL E—l (221)

where R; is the termination and 4y is the transmission level at series resonance. With an

s-parameter test set, R, is given by

1
R ~2-R, (——1] (2.22)

521|_/;

where s7; is taken at series resonance (i.e., the insertion loss). R;is the sum of the
motional resistance R; and any small signal resistance R, in the device.
R=R+R,_ (2.23)

Quality factors are evaluated in the equipment using the expression

Jo
Q= 2.24
fu 229
where f34p is the 3-dB bandwidth. Since the unloaded and loaded Q are given by
oL, ol
=—Land Q, =———
Oy R 0, R+R.+R (2.25,2.26)

respectively, the motional resistance can be found from Q; and Qy (i.e., at small Vp). Ry

is the source impedance.

R, :&(Rz + R +RL) (2.27)

U

To obtain the unloaded Q in the Agilent 5071B, smaller Rg and R; can be simulated.
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2.6.2 Linearity

In Section 2.2, the justification for expressing resonator linearity as absorbed
power was presented. Nonlinearities in the mechanical frequency response are easily
observed with the network analyzer. For the measurement taken with the resistive

divider, the absorbed power is approximated by
AV
P, =P, +7 [dB] (2.28)

for R;>>100Q (see Appendix A.5).
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CHAPTER 3 CAPACITIVE VHF SiBARs

The rectangular” silicon bulk acoustic mode resonator (SIBAR) is ideally suited
for low-phase-noise oscillators in the VHF and UHF bands. A scanning electron
micrograph (SEM) is shown in Figure 3.1. The longitudinal mode is similar to that of a
film bulk acoustic resonator [54-56]. The large lateral dimensions and the potential for
high Q are favorable over beam [13,57] and disk [14] resonators. The natural frequencies
are given by

ny nv
W = < or =—=2, 3.1
= or f = G.1)

in which 7 is the mode number and L is the dimension along the longitudinal direction.

23 -Jun-05

Figure 3.1 SEM of a 388umx40um>20um two-port fundamental-mode SiBAR with
225-nm gaps fabricated using the HARPSS-on-SOI process.

" Other geometries for bulk extensional modes, including conical rings and rectangular
“window frames”, have also been considered. Conical rings have good mode shapes in
isotropic materials and on (111) substrates.
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To evaluate the mode shapes in isotropic materials and anisotropic materials
conveniently, a numerical approach based on 3D finite element analysis was used. The
aspect ratios were varied to observe the effect of geometry on the modes. From the
analysis results, the following naming convention has been adopted for the modes.

BEN,.N,.N;.A/B
The BE represents bulk extension, as opposed to shearing, flexing, or torsion. N; is the
mode order along the primary frequency defining dimension, N, is the mode order along
the other dimension in the plane of the substrate, and N; is the mode order along the
height. The A/B designates the characteristics of the modes since there are two for each
N, mode.

The metric in the optimization for low impedance is the relative stiffness k.. The
relative stiffness is simply a comparison between the actual dynamic stiffness (2.17) and
the stiffness of an ideal 1D resonator. A value of unity suggests the contribution of
length-extension to the modal energy is 100%. As k. increases, the deformation along the
electrode may not be uniform. In modes where regions along the electrode are out of
phase, k. is very large. The inverse of &, is the relative compliance ¢,.! A smaller value

of k, (and k) results in a lower motional resistance.

k,=——=—. (3.2)

" Modes along the direction of interest may be coupled to shear, flexural, torsional, or
bulk-extensional modes along other directions. If energy is attributed to deformation in
any form other than the mode of interest (i.e., deformations not normal to the surface of
the electrode), the increase in modal energy will result in a larger dynamic stiffness k.
Physically, charge cancellation occurs at the output when regions have out-of-phase
displacement.
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3.1 Thin Isotropic Plate Analysis

In the fundamental LE11 mode, the relative stiffness is approximately unity when
the width (i.e., the x-dimension) is less than half of the length (Figure 3.2a). As the width
is increased, &, increases since the deformation along the electrode deviates further from
uniformity. See Figure 3.3a. For w/L=1, a Lamé mode exists, for which k,=2. As the
aspect ratio (AR) is increased, the frequency of the LE11 mode decreases. Figure 3.3b
contains the dispersion curves of the normalized frequency for each mode as AR is varied.
Many modes exist in these resonators. ‘“High-order” modes are more prominent and
more suitable as the lateral dimensions increase. The k, versus AR profile of the BE13
mode is illustrated by a wide trough and reaches a minimum of 1.2 for w/L = 1.6. Other
bulk-extensional modes, such as the BE15, BE17, and BE19 modes also exhibit %,
minima for AR equal to 2.8, 4.3, and 7.0 respectively. This is especially encouraging

since greater transduction area (i.e., wider devices) provides better coupling.

!
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Figure 3.2 Extensional modes for a rectangular isotropic resonator.
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Figure 3.4 shows the BE171A mode for four geometries. In Figure 3.4a, w/L=3.5
and some periodicity is observed in the mode shape. Figure 3.4b shows the w/L=4.1
geometry in which there is minimal lateral displacement at the anchor location. The
mode in Figure 3.4c (w/L=4.3) is optimally coupled, for which £=1.25. As the aspect
ratio is further increased to 4.8 (Figure 3.4d) coupling is reduced and £, is large. These

four plots correlate to the olive-colored line in Figure 3.3a.

|

w/L =473
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sas s
IIHI‘
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F’_i
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w/L=4.1 w/L =428

Figure 3.4 Mode shape variation of the BE171 mode as aspect ratio varies between 3.5
and 4.8.
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3.2

A similar analysis was performed for thin SiBARs aligned to <110».
thickness 7 is one-tenth of the wavelength 1. The optimal mode shape for the BE15S1A
mode is shown in Figure 3.5 for a 40um long resonator. In comparison to the mode
shapes in Figure 3.2 and Figure 3.4, the displacement is substantially uniform. The w/L
aspect ratio is 3.7 and the predicted frequency is 106 MHz. In the analysis summary
(Figure 3.6a), the advantage in using anisotropic resonators is evident. There is a large

range of aspect ratios in which the minimum relative stiffness is unity (compared to

k,=1.25 for an isotropic plate).

Thin SiBARs 110>

05.04.38 STRI EXTN FEA20 R1-0237 B:4

x148x8 (100) RZ=45
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WIND=2
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Figure 3.5 Uniform mode shape in a thin 3D anisotropic SCS plate (AR=3.7, t = A/10).
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33 Quarter-Wavelength-Thick SiBARs 110>

A greater thickness is desired for lower impedance and greater linearity.
However, characteristics of the mode shapes change as device thickness is increased.
The analysis results for quarter-wavelength-thick SIBARs is presented. The optimal
aspect ratio for the BE151A mode for minimal lateral displacement is 3.8 (Figure 3.7).
The minimum relative stiffness (Figure 3.8a) is 1.02 and the troughs are wider than in

Figure 3.6 for thin plates. Periodicity in the 4, curves and dispersion curves is evident.

NOV 16 2004
05:42:22
PLOT NO. 6

DISPTACEMENT
STEP=1

SUB =5
FREQ=.105E+09
/EXPANDED

RSYS=
DMX =249805

WIND=2
DISPIACEMENT
STEP=1

UB =
FREQ=.105E+09
/EXPENDED

RSYS=
DMX =249805

WIND=3
NODAL SOLUTTION
STEP=1

SUB =
FREQ=.105E+09
/EXPANDED

Uy

RSYS=0
DMX =249805
SMX :%49805

27756
55512
83268
111024
138780
166536
194292
222049
249805

WIND=4
NODAL SOLUTTION
STEP=1

IR00NEEN0

05.04.38 STR1_EXTN FEAZ0 R1-0538 B:40x152x20 (100} Rz=45 A =1 05E109

Figure 3.7 Uniform mode shape in a thin 3D anisotropic SCS plate (AR=3.8, t = 1/4).
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3.4  Thick SiBAR Plates <110>

As the third dimension of a SiBAR is increased, wave-like characteristics are
present in all three dimensions. The two-dimensional (i.e., planar mode) assumption only
holds up to a thickness of 0.3 A. In general, regions along the transduction surface may
be out-of-phase in any given mode and poor coupling will result. As with increasing the
lateral dimension, there are aspect ratios for which the coupling is optimal. Some thick
SiBARs have modes with all regions in-phase, although they are not uniform as in thin
(i.e., t < 0.34) devices. One of these geometries is shown in Figure 3.9, for which the
relative stiffness is 1.38. Although an exhaustive analysis has not been completed on
thick structures, one can presume plots similar to Figure 3.6 and Figure 3.8 could be

generated to identify optimal geometries.
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Figure 3.9 Mode shape of a thick SIBAR with all regions in phase.
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3.5 Analysis and Characterization

The FEA results show that optimized thin SiBARs can be treated as a 1D device.
Based on the 1D assumption, expressions for the device impedance is presented.

Measured device characteristics are also presented to verify the models.

3.5.1 Dynamic Stiffness

The dynamic mass and stiffness of a one-dimensional SiBAR are given by

2_2
n:pAL andknznﬂ'EA
2 2L

(3.3,3.4)

at either end of the resonator. L represents the length of the resonator” and 7 is the mode
number. The dynamic stiffness can also be expressed as a function of the natural

frequencies.

k,=nr’\JEpA-f, (3.5)
Taking E=168GPa for (100) SCS in the <110> direction and p=2328kg/m’, the
normalized stiffness is

k N 1
2ep.f . 1.95x10°8 ——. 3.6
A " f" m’ Hz (3.6)

Therefore, the normalized stiffness is 19.5 PN/m® (1 PN = 10"° N) for a 100-MHz

resonator operating in its fundamental mode.

: Length L is the frequency-defining dimension and not necessarily the largest dimension.
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3.5.2  Motional Resistance and Quality Factor

Recall the motional resistance of a capacitive resonator (2.1).

k,

tot

R =
' 0,07

Substituting for #, R; becomes

k,d*

— tot

1 2972 42
a)an VP Ae

Assuming k;,; = k, 'k, , A. = A, A.=wt, and substituting for k,/A4, R; is expressed as

R k.nm\Epd®
b20eW ) wt

(3.7)

(3.8)

R, is independent of frequency and its only geometric dependencies are the width w and

thickness . As a conservative measure, devices with ¢ = A/4 were fabricated on low-

resistivity SOI with transduction gaps between 65 and 250 nm. The 40-pum long

resonators all exhibit series resonance at approximately 106 MHz.
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The highest Q measured from a nominally 100-MHz SiBAR with 225-nm gaps is
90000 at 5 torr (Figure 3.10). No changes in Q were observed when the pressure was
reduced to high vacuum. The impedance of the SiBAR is 3.3 kQ with a polarization of

25 V (Figure 3.11). The quality factor is reduced to 66000 at high V», however.

A/R log MAG 5 dB/ REF -89 df -61.486 dEB
: ' ' : § ; : © 183,359 MHz
. : : D Do PR . . L Trks
fo =103.4 MHz i BU:  11.142745 kHz
Qu — 90000 ...... czr;..t: ...... J,;EJ.E..SBQ!E’IG..MHZ
5 5 B 98457 k

Vp =5V : : : : :
5 RP N 60 kQ ....... ......... ....... I.D$.SJ. ....... _81_4BBdB
t : i aLiF: | -538.359 Hz

P o= 5 torr .. E ......... E ...... ﬂRéF: ....... E”'ﬁ@q;QQT'HZ

IF B 38 Hz POWER @ dBm SHP 23,59 sec
CEMTER 183.363 MHz SPAM 188 kHz

Figure 3.10 Frequency response of a 388umx40um>20um SiBAR with 225-nm gaps
showing an unloaded Q of 90000 with Vp=5V and P = 5 torr.
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CEWTER 183.36685 MHz SPAM 5@ kHz

Figure 3.11 Frequency response of a 388umx40umx20um SiBAR with 225-nm gaps
showing an impedance of 3.3 kQ and a loaded Q of 66000 with Vp=25 V and P = 5 torr.

Quality factor loading has been observed in all resonators with R; of 10 kQ or
lower. Q) reduces as Vp is increased (Figure 3.12). This is a result of a small-signal
resistance Rgs. The origins of Rgs could possibly be the finite resistance of the resonator
or electrodes or depletion in either component. In this 388-um-wide SiBAR, Rgs is
approximately 800 Q. When Rss is added to the theoretical R), the predicted resistance
matches the measured resistance very well (Figure 3.13). More data on Q-loading in
SiBARs is shown in Figure B.1. From (3.8), wider devices are expected to have lower

impedance. This is shown in the experimental data in Figure B.2.

¥ Low-resistivity (<5 mQ-cm p-type) substrates were used in some instances and Rgs was
reduced to a few hundred Ohm.
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Figure 3.12 Measured and theoretical loaded Q of a 388um*x40um>20um 103-MHz
SiBAR over a Vprange of 3 to 25 V.
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Figure 3.13 Theoretical and measured resistance of a 388um*x40umx>20um SiBAR with
225-nm gaps at 5 torr pressure over a Vp range of 3 to 25 V.
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3.5.3  Linearity

Another SIBAR was used for linearity characterization. The device is 20pum-thick,
has 225-nm gaps, and has lateral dimensions of 232umx=40um. The nominal Q is 40000
and its resistance is 8.7 kQ when biased at 30 V (Figure 3.14). As the source power is
increased from 0 dBm to +15 dBm, the resonance frequency decreases approximately 10
ppm. This is a sign of material or transduction nonlinearities. Interestingly, the Q
increases and R; decreases for the slightly nonlinear operation. Assuming that the input
power can be held relatively constant, the mechanical response at 15 dBm input is

suitable for operation. Following (2.28),
R=R+Z [dB)

the absorbed power is -7 dBm. With these conditions, the peak output current is 160 pA
and the displacement amplitude is 16 nm (Table 3.1). As the displacement is less than
one-tenth of the gap, the nonlinear response is likely the onset of elasticity nonlinearities.
The energy density is 64 kJ/m’ for these conditions, which is approximately one-third of

the maximum energy density at bifurcation [44].
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Figure 3.14 Linearity characterization of a 107-MHz SiBAR.

Table 3.1

Linearity of a 107-MHz 232um>40um>20pum SiBAR.

Input Power P, 0 dBm 15 dBm
Transmission A, -45 dBm -44 dBm
Absorbed Power Pr -22.5 dBm -7 dBm
Stiffness k, 9.7x10" N/m
Quality Factor 0 40000*
Motional Resistance R, 8 kQ*

Stored Energy W nax 0.33nJ 12 nJ
Peak Displacement Amplitude Umax.pk 2.6nm 16 nm
Peak Localized Strain S 0.02% 0.12%
Energy Density Pw 1.8 kJ/m’ 64 kJ/m’
Peak Output Current Vo 27 pA 160 pA

* nominal values
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3.6 Second- and Higher-Order Modes

Since SiBARs with low R, (<10kQ) are susceptible to resistive loading, a solution
is proposed. Even-order modes are presented to introduce asymmetry, such that charge
migrates between the faces of the resonator. See Figure 3.15a. In this scheme, there is
no net charge displacement in the resonator. Thus the small signal series resistance is
expected to be lower. Manufacturability is another advantage of high-order modes. The
fractional process bias on an n"-mode resonator is a factor of n lower, thus providing

greater frequency accuracy. The increase in normalized stiffness, however, leads to

greater R;.
a) Undeformed | Depab souution . (\9'026
T e it
Electrode ?g%gﬁﬁggmog
_Leeeeee@

RSYS=0

DMX =113418
SMN =-40354
SMX =40354

do

CHCICINCECINCINC

Electrode — — —
40354 22419 1484 451 31386
Z40354 024 —4484 134 31
-31386 —13451 4484 22419 40354
Deformed 05.04.38 STRL_EXIN FEA20R4 B:80x224x20 (100) R=45

Figure 3.15 a) Small-signal charge migration and b) mode shape of a second-order
SiBAR resonator.
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CHAPTER 4 PIEZOELECTRIC LATERAL-MODE RESONATORS

Since bulk acoustic modes provide high frequencies with relatively large
dimensions in comparison to other modes, they are attractive for extending
micromechanical resonator technology to the VHF and UHF bands. The piezoelectric
composite bulk acoustic resonator (CBAR) resembles a thin rectangular plate.
Piezoelectric transduction is attractive since it provides greater electromechanical
coupling. CBARs consist of a piezoelectric stack disposed on silicon (Figure 4.1).
Similar to SiBARs, a one-dimensional (1D) model is sufficient for modeling the bulk

extensional mode. The natural frequencies of a 1D system with free ends is given by

o ="% |5 @
" L\p, '
Aluminum
[/QPad  Support

Zinc Oxide

\\\
Silicon\
x I fsi
Aluminum
I/0 Pad
\ I
w

Buried
Oxide
Anchor

Electrodes

Tether

Gold

Figure 4.1 Piezoelectric-on-silicon lateral bulk acoustic micromechanical resonator.
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The resonators are designed with a metal ground electrode as the third terminal to
minimize Cy and to obtain distinct zero-phase resonances. Previous attempts using low-
resistivity silicon as the third electrode (i.e., no metal) was ineffective for grounding [58].
Despite the possible reduction in Q from increasing layer count, measured Q values
greater than 10000 will be presented. The resonators are conveniently anchored to the
substrate at the mid-span node (where x = L/2) to minimize acoustic loss.

A finite element model was built in ANSYS. SOLID186 elements are used for
the silicon structure and the patterned top electrode. SOLID191 elements are used for the
composite piezoelectric stack. Ideal structural interfaces and stress-free conditions are
assumed. Since the thickness of the SCS body is significantly greater than the
transduction film, the SCS primarily defines the mode shape and frequency of the

resonator.
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4.1 Fundamental Mode

A scanning electron micrograph (SEM) of a 240pumx*40um device is shown in

Figure 4.2. The form of the RLC expressions is the same as the capacitive resonator.”

Rlz n ’lemn ’Clznlnz‘
oQn,n, mmn, k,

The difference is in #. A device having two symmetric half-width electrodes operating in

length-extensional mode has coupling coefficients given by

. nrL
|77| =2d, Ew, s1n( 2Lej' (4.2)

where d;; is the piezoelectric strain coefficient, Eyis the elastic modulus of the film, w, is

the electrode width, and L. is the electrode length. Substituting for &, and 7,

R ~ nz (ts + 4 )NEP, 1 (4.3)

1 2d,’E’wQ  sin®(nxL,[2L)’

Similar to the SiIBAR (3.8), R; for the CBAR is also independent of frequency. See
Table C.2 for the material properties of zinc oxide, aluminum nitride, and PZT.

The fabricated resonators were wire-bonded on a PCB and characterized using
Experimental Apparatus A (Figure 2.9). Typical shunt resistances of 1 to 20 MQ were

measured across the ZnO film.

’ Complete analysis of the piezoelectric resonators is found in Appendix A.11.1.
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Figure 4.2 SEM of a 240umx*40um fundamental-mode CBAR.

4.1.1 Length-Extensional Mode

The fundamental bulk mode of the 240umx40um resonator occurs at 15 MHz
(Figure 4.3). By incorporating silicon as part of the resonator body, a Q of 11800 was
measured at a pressure of 5 torr. The impedance is 1.6 kQ. The response has a resonance
peak that is 50 dB greater than the feedthrough (through a parasitic Cy of 20 fF). In
comparison to previous measurements without a gold ground plane, the feedthrough is
reduced by 20-30 dB. The quality factor at atmospheric pressure for the same device is
6100. ANSYS modal analysis of the composite structure predicts a natural frequency of
15.3 MHz for this fundamental bulk mode (Figure 4.4). The simulated mode shape
predicts that some out-of-plane displacement is present as a result of the asymmetric

composite structure.
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Figure 4.3 Frequency response at 15 MHz with P=5torr showing O~11700 and a 50 dB
peak above feedthrough.
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Figure 4.4 Simulated mode shape and unidirectional strain for the resonator in the 15-
MHz mode.
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4.1.2  Width-Extensional Mode

The implication of (4.3), that R, has an inverse dependence on electrode width, is
proven with measurements. A width-extensional resonance at 90 MHz from the same
240umx40um resonator was observed (Figure 4.5) with lower R;. The motional
resistance is 500 Q for a Q of 4100 in low vacuum for the 90-MHz mode. Since the
electrode orientation has changed, the expression for # becomes

n~=dy,E.L. 4)
In this case, the width is six times greater. Since Q is one-third of the QO for the 15-MHz

mode, R is expected to be half of the previous value (see Table 4.1).

A/R  log MAG 5 dB/ REF -9@ dB -28.313 dB

: § ' : : : ' . 98, 3825 MHz

....... o :41002 [‘lws Trka

Ri =500 Q ; : Bl:  21.9163@9 kHz

S AUIPRU I SN [T O | RS S CERALL..... 9. 351456 HHz
CEQU M e 80,301

FOZ0AMHZ T e sk

...... P—Storr o\ tose -8, 313 . 4B

: : : d : © aliF:  =9.5@2859 kHz

j .......... .......... .......... ........ .......... ......... ...... &F\‘.F:12.4142‘49KH2

IF BH 188 Hz POLER -28 dEm SWP 11.82 sec
CEMTER 98.35 MHz SPAM  5EE kHz

Figure 4.5 Frequency response of the 90-MHz width-extensional mode at 5 torr.
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The reduced quality factor of 4100 is attributed to increased acoustic loss into the
substrate. A quality factor of 3400 was also measured from the same device at
atmospheric pressure. The results from modal analysis of the resonator in ANSYS
(Figure 4.6) show elastic coupling between the resonator and anchors which is limiting
the quality factor. Along the mid-plane of the resonator, the strain of the piezoelectric
film (at the top surface) from dilation is opposing the phase of the flexural contribution.
Notice that the strain in other regions has additive contribution from the flexural and
extensional modes. The electrodes are disposed in the regions with additive contribution

(Figure 4.7) and have lower R than predicted from the 1D model (Table 4.1).

Table 4.1 Fundamental-mode CBAR analysis and measurement summary.

Dimensions ANSYS Measurement 1D Model
Lxw | w, | L. | Freq. fo, | Freq. |Press| @ Ay R, k, n R,
[um] [um][pm] [MHz] |f; [MHz]| [torr] [dB] | [€Q] [[N/m]|[N/V]| [€Q]

[C/m]

5 |11800|-30.3 1600 | 54 | 2.1 |1100
760 | 6100 | -36.3 | 3200 | x10° | x107 | 2200
5 14100 |-203] 500 | 2.0 | 1.2 | 600
760 | 3400 | -21.8 | 600 | x10” | x10™* | 700

18 1220 153 14.9
240%40

220 18 | 91.6 90.4
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Figure 4.6 ANSYS modal analysis results for the width-extensional mode indicating a
response in the anchor.

AN
NODAL SOLUTION MAY 16 2006
STEP=1 g 14:44:50
o o1 Extension +
FREQ=. 916E+08 Flexural
EPELY (RVG)
RSYS=0 -

DMX =158035
SMN =-10914
SMX =13611

Undeformed Extension +
resonator Flexural Compression

| I
-1500 1500 4500 7500 050
8] 3000 6000 9000 12000

PZ0O1_EXTN FEA3r0 240x40x5<110> Cr:.05 Au:.15 Zn0:.3 Al:.1

Figure 4.7 ANSYS results indicating coupling of the width-extensional mode with a
flexural mode (end view). The strain at the top surface is of primarily importance.
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A sweep of the frequency response from dc to 100 MHz indicates that the greatest
transmission is from the 90-MHz resonance (Figure 4.8). Despite the lower Q in this
mode, the transmission remains 10 dB greater than the 15-MHz resonance. Spurious
modes with low Q are also present. In these resonators, the greatest Q is always
measured from the bulk extensional modes, especially when operated at pressure levels
above 1 torr. Since there is sufficient frequency isolation of the desired 90-MHz
resonance from spurious modes and the 15-MHz mode, further suppression of these

modes is possible with filtering.

AR log MAG 18 dB/ REF -£@ dB ~17.573 dB
: : : : : : © 9P.37509625 MHz

; ¢ Desired

1 CMode
IF El 28 Hz POLER B dBm SHP 93,85 sec
START 1 kHz STOP 188 MHz

Figure 4.8 Frequency response from dc to 100 MHz showing greatest transmission
from the 90-MHz mode.
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4.1.3  Linearity

To characterize the linearity of the resonator, the response from varying the drive-
level was observed. We define the saturation limit at the 1 dB compression point. P for
the resistive divider is given by:

P, =P +% [dB] (2.28)

The 1 dB compression point in the 15-MHz mode occurs with P; of 0 dBm (Figure 4.9).
For this condition, the resonator absorbed power is -15.5 dBm and the rms output current
is 130 pA (Table 4.2). The observed rms current is approximately 50% of the predicted
maximum value. The constraint is not fully understood, but is believed to be material
limitations in the transduction film in combination with the mode shape. Beyond 0 dBm
input power, a spring stiffening effect is observed as the nonlinear frequency response

bifurcates. Devices have restored performance when the test port power is reduced.

-30 T ; T
0.1 ogmn=11375 | Poyurec=10dBm
Q+00dBm | 10183 ‘. 1 : T P.voun-e:+00dBm
35— QrGSHgm;T(}S8427 I & J‘. T ]\‘ I Bl Psource:JrOSdBm |
Q+10dBm::LO3386 ------- : """"" P.vowz'e:+10dBm
I A : !
|| bo---- Rt b
m | r i
=, |
‘2‘; :
-45F - P’ESber ************ il
T =300K |
| |
|
-50 - E6ASO240mmx40pm, SpmSO1- - -~~~ "~ ]
| | | :40:10 PM
! ! ! ‘ p-2005
55 | | | |
4.9 14.905 14.91 14.915 14.92 14.925
Frequency [MHz]

Figure 4.9 Response of the 15-MHz resonance in vacuum with various drive levels.
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The 1 dB compression point of the 90-MHz mode is at P;=10dBm and Pr=-0.5
dBm (Figure 4.10). The rms output current of 1.3 mA matches well with the predicted
maximum /5 max 0f 1.5 mA. The downward shift in frequency at greater drive levels are
caused by geometric and material nonlinearities in silicon. The saturation effect observed
in this mode more closely matches expectations than the 15-MHz mode. The linearity
measurements also exemplify the quality of the ZnO film since dielectric breakdown [59]

was not observed for a 15 dBm input (in which the peak field is 6x10° V/m).

Table 4.2  Fundamental-mode CBAR linearity data.
Mode 15 MHz |90 MHz
Pl max dBm 0 10
Transmission, A dB -31 -21
PR max dBm| -15.5 -0.5
Motional resistance, R; Q 1600 500
Measured rms current, [, mA | 0.13 1.3
Theoretical max. rms current, ;| mA | 0.26 1.5

-13 ; ; ; :
Q-]()dB :“4076 : : _R\'aurL‘c=-10dBrn
ol Ceooapn 90 L L | 7 Proures=H00dBm ||
) Q+lOdBm \3714 : % : ----- R\'{)urL‘c=+10dBm
QHSdBm | : L] e Psource:+15dBm
25k - - — L ‘L ,,,,,,,,,,,,,,,,,,,,, A
=) 7
T | e e .
‘QA
P =5Tort
B5E-T-=300F - - - - - - -Lb-------b - H b
E6AS 240pmx40um,
40Fr-------— e .-
| 10-S8-2005
_%%.25 9(;.3 90.35 90.4 90.45 90.5
Frequency [MHz]

Figure 4.10 Response of the 90-MHz resonance in low vacuum with various drive levels.
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4.2 High-Order Modes

High-order modes are presented for further reduction in R; for RF applications.
For an n"-mode device, the impedance is ideally decreased by a factor of n. The
structure in Figure 4.11 is a fifth-order resonator or simply a resonator with five times the
electrode width. The simulated mode-shape in Figure 4.12 shows the regions with in-
phase stress. Coupling efficiency is also determined by the mode shape. For an ideally-

coupled resonator, the motional impedance is

n ”(tSi"'tf)\/Ei7 (4.5)

=1 2d,°E’wQ

i

for odd n, when n>1 (see Appendix A.11.2). As in the fundamental mode, impedance is
determined by electrode width w and not the length. In addition to lower R, a high-order
mode resonator provides improved dimensional control. The frequency sensitivity to

. . .. . . h
lateral dimensional variations is reduced by a factor of # in an n"-order resonator.

Electrodes Aluminum

Zinc Oxide

Tether

wried
Oxide Silicon

Figure 4.11 High-order composite piezoelectric-on-silicon micro-mechanical bulk
acoustic resonator.
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The CBAR in Figure 4.13 was fabricated with the five-mask process.

pitch of 10um and has lateral dimensions of 90umx160pm.

NODAL SOLUTION
STEP=1

SUB =2
FREQ=. 342E+09 ™
/EXPANDED .

DMX =647814
SMN =-258243
SMX =152129

L
-258243 -167049 -75855 15339

RAUG 7 2006

-212646 -121452 -30258 60236

It has a finger

Figure 4.12 Simulated mode shape of a fifth-order ZnO-on-SCS CBAR with a finger

pitch of 10 pm.

Device Area:
90pmx160pm

Finger Pitch: 10pm
# Fingers: 9

WD17.0mm 5.00kV¥ x400 100um

Figure 4.13 SEM of a 90pmx160um CBAR with Lp=10pm.
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The 9™-mode CBAR in Figure 4.13 has a resonance frequency of 373 MHz and
exhibited an unloaded quality factor of 2000 at atmospheric pressure (Figure 4.14).
Higher Q is expected at lower pressures. To measure unloaded Q, the port conversion
feature of the E5071B was utilized to simulate a termination of 0.5 Q. The insertion loss
of 35 dB at resonance corresponds to 55 Q device impedance. This is also verified by the
35 dBQ impedance measurement (Figure 4.15). The isolation level of 30 dB is
remarkable. Nonlinear responses (as observed in the fundamental mode) were not

measured in these devices.

[Vi® cz1 Log Mag G.000des Ref -Go.00dE [Fz]
-25.00

#1  373.4200000 MHz -35.040 dB
BW: 192,2400000 kHz

R Rero-se
P4t 1sat.z i z R{=55Q
-35.00 Mosgzr =35.040 d
-40.00
-45.00
30dB
-50.00 A
-55.00
-&0.00 J.—/—/
v
-£5.00 f= 373 MHz

QOuy=1940 at 1 atm
Lateral Mode Lp = 10um

Fy

-F0.00

IFEW 100 Hz Span 20 MHz

Figure 4.14 Frequency response of a ninth-order resonator with Lp=10um at 1 atm.

" Test port power of 10 dBm was specified in the Agilent E5071B network analyzer. It
was later determined that the actual test port power was 30 dB lower due to a hardware
problem.
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Figure 4.15 Impedance of a ninth-order resonator with Lp=10um at 1 atm.

To enable higher-frequency resonators, the finger pitch is reduced. A
75um*x80um CBAR with Lp=5um is shown in Figure 4.16. Its resonance frequency is
640 MHz and its impedance is 400 Q (Figure 4.17). The reduced Q of 740 (at
atmospheric pressure) is primarily attributed to anchor losses. As the frequency and the
number of electrode fingers are increased, the importance of optimizing the structure for

the desired mode is escalated.
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Device Area:
75pmx*80pm

Finger Pitch: Spm
# Fingers: 15

Figure 4.16 SEM of a 640-MHz CBAR (L=75um, w=80um).
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Figure 4.17 Frequency response of a 640-MHz CBAR with Lp=5um at 1 atm.
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One attractive feature of the presented work is the ability to fabricate thickness
mode resonators next to the lateral CBAR. Resonators on the same substrate exhibited
thickness-mode resonance at 2.5 GHz and quality factors of 1200 (Figure 4.18). Greater
than 30 dB isolation is also observed in this mode. An important aspect of piezoelectric
resonator design is mode isolation. Thorough analysis is required to ensure undesired

extensional modes and flexural modes are suppressed.

—
Bl 521 Log Mag 10.00dE/ Ref -50.00dE [Fz) |
0.000

=1 2.556000000 GHz -20.701 dB

- EW: 2.073376000 MHz
-10. cents  2.555994742 GHz =
Tow: | 2.554355054 GHz RL— 509
high: 2.5570314320 GHz 1
0z 1222.8
-20.00 Magsr -20.701 de

-30.00

30dB

f=25GHz
50,00 QL = 1230 at latm
Thickness Mode

-20.00

-1o0.0

1 Center 2,556 GHz IFBW 100 Hz Span 1 GHz

Figure 4.18 Frequency response of a thickness mode resonator fabricated on the same
substrate as the CBARs.

65



CHAPTER 5 CAPACITIVE TUNABLE HF IBARs

The I-shaped bulk acoustic resonator (IBAR) is presented as the choice resonator
for a temperature-compensated reference oscillator in the HF band. Beam resonators
above 1 MHz have small electrode area and their Q is limited by anchor losses [57].
Higher-frequency bulk-mode resonators provide high O and excellent linearity, but their
electrostatic tunability is limited.

The IBAR provides tuning, high O, low R;, and a unique geometry enabling
process compensation. Two typical techniques to increase electrostatic tuning are large
Vp and small gaps. These techniques not only place additional demands on the interface
circuit and fabrication process, but also increase the electrostatic stiffness nonlinearities.
In the IBAR, tuning is provided through a reduced dynamic stiffness. The enabling
IBAR geometry is a combination of an extensional resonator and flexural beams (Figure

5.1).

) ! b Tk
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! HER ;

[ — ] =W, i |~ Rod
: v !

: Hybrid :

L - ==l Mode JI._ -
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| Wy I | .
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1
L. =electrode length  w, = flange width
Ly =flange length w, =rod width
L, =rod length t = thickness

Figure 5.1 The I-shaped bulk acoustic resonator (IBAR) designed for high tunability
and high O, a) undeformed and b) in the desired mode.
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5.1 Basic Modeling and Classification

The normalized stiffness, electrostatic tuning, R;, and Q of an IBAR" can be
predicted from a simple model (Figure 5.2). The desired mode in the IBAR has both
degrees of freedom (DOF) in phase. The other mode(s) are suppressed since out-of-
phase responses have poor coupling. Three classifications of IBARs are defined: the Q-
enhanced (QE), compliance-enhanced (CE), and semi-compliant high-Q (CQ) designs.

The first two classifications can be described using Dunkerley’s equation.

1
_z_+_
o’ o o CRY

If one DOF is substantially lower frequency, it governs the fundamental frequency of the

device and the mode shape. The extreme QE and CE IBARs follow this. Mode shapes

of CQ IBARs are a combination of both DOF.

CA l kA Wr/2—> <—l~

\\\I\\\\

Figure 5.2 2-DOF mechanical model of an IBAR.

’ Semantically, “IBAR” is not entirely accurate since the mode is not present in the bulk.
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For geometries in which the flange acts as a rigid body (i.e., \(ks/mg) >> w,), the
mode is primarily extensional and contained in the rod. If material losses are dominant,
the quality factor of the resonator can be greater than the constituent components since
the flange acts as an energy storage element (Appendix A.8). These are geometries are

Q-enhanced (QE) IBARs. The natural frequency of QE IBARs can be approximated as

k
o,~ |[—— (5.2)

m,+m,
At the other extreme, flange flexing is predominant. In these modes, the
normalized stiffness k,/A4. is significantly lower than extensional mode resonators at the
same frequency. These are compliance-enhanced (CE) IBARs. The flange operates as a

flexural beam having improved linearity (since there is no spring hardening from tension)

and greater Q. For CE IBARs,

o, ~ |~E (5.3)

b) O

0 S

Figure 5.3 a) A Q-enhanced IBAR, and b) a compliance-enhanced IBAR.
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5.2 Normalized Stiffness

Since the electrostatic tuning coefficient and motional impedance are dependent
on the normalized dynamic stiffness, this section is devoted to its analysis. The most

convenient method to describe the normalized stiffness of an IBAR is given by

[knJ _C_l(ﬁj (5 4)
Am IBAR ' A’" SiBAR .

in which ¢, is the relative compliance between the IBAR and a 1D extensional resonator.

This approach is convenient since the k,/4 of a 1D resonator is proportional to the f, and
is approximately 0.195 PN/m’/MHz. CE IBARs are essentially flexural modes and have
the highest ¢, of the three classifications. Figure 5.4 represents the upper bounds of ¢,
found through FEA for several flange thicknesses. Essentially, Figure 5.4 describes how

much more tuning a CE IBAR can have compared to an extensional resonator.

100

10
Frequency [MHz]

Figure 5.4 Relative compliance limit of CE IBARs with two electrodes to extensional
resonators for w=[5,10,20,40] um.
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5.3 Multi-Section IBARSs

IBARs can be mechanically connected in parallel to further reduce R, and
improve linearity. Changes in the normalized stiffness are generally insignificant. Finite
element analysis of a 6-MHz two-section IBAR predicts the mode shape in Figure 5.5.
The displacement along the flange is far greater than the displacement at the end of the

rod, representative of a compliance-enhanced mode.

DISPLACEMENT AN
- MER 26 2005

SE 17:43:31

SUB =2 ]

FREQ=. 575F+07 PLOT NO.

< L, >

Figure 5.5 Mode shape of a two-section 6-MHz CE IBAR.
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5.4 Analysis and Characterization

A two-section 6-MHz IBAR having 180-nm gaps fabricated with the HARPSS-
on-SOI process is shown in Figure 5.6. The predicted frequency is 5.75 MHz. The FE
model gives a k,/4 of 0.204 PN/m®. The relative compliance is 5.5 and the predicted
tuning coefficient is -7.44 ppm/V>.

IBARs were characterized with Experimental Apparatus A (Figure 2.9). The
electrodes were biased at 1 V. A Q of 103000 was measured in vacuum with a
polarization voltage of 3 V (Figure 5.7). Changes in quality factor were not observable
over the pressure range of 0.1 torr to 1 utorr. The gap size of 180 nm suits the design
operational voltage range of 15-25 V. The theoretical predictions and measurements are

summarized in Table 5.1.

Figure 5.6 SEM of a 10-um thick two-section IBAR with conservative 180-nm gaps
fabricated using the HARPSS-on-SOI process.
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Figure 5.7 Frequency response of the 6-MHz two-section IBAR with V=3V and
P=0.1torr.

Table 5.1 6-MHz IBAR specifications.

Theoretical | Measured
Frequency 5.75 MHz 5.59 MHz
Unloaded QO - 112000
k/A 0.204 PN/m’ -
L., Electrode Length 320 pm
d, gap size 180 nm
For d =180 nm
- Impedance, Vp=3V 53 kQ 58 kQ
- Impedance, Vp=10V 2.6 kQ 10.7 kQ
- Impedance, Vp=20V 0.6 kQ 6.8 kQ
- Tuning coefficient, y. -7.4 pp/V~ | -7.9 ppm/V"
For d =65 nm
- Impedance, Vp=3V 0.9 kQ -
- Tuning coefficient, y. -170 ppm/V> -
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The measured tuning, impedance, and quality factor characteristics of the IBAR
are as expected. By tuning the voltage from 2 to 25 V, f; is tuned by 4600 ppm (Figure
5.8). The measured tuning coefficient for this device is -7.9 ppm/V> The test impedance
R, is 6.8kQ with Vp of 20 V, while the predicted impedance is 0.6 kQ (Figure 5.9). A
large part of R; is a small-signal impedance Rss of approximately 6.2 kQ. In IBARs, Rgs
and terminations reduce the loaded quality factor as R, is reduced (Figure 5.10).

Rl
R +Ri + R+ R,

0, =0y (5.5)

Rss of 0.5-5 kQ and the O, dependence on Vp has been observed in other IBARs
(Appendix B.2.2). It is a result of the finite conductance of the resonator body. Since
typical capacitive resonators [13,14] have R larger than several kQ, Rgs is not commonly

observed.”
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Figure 5.8 Measured and theoretical tuning characteristic of the 6-MHz IBAR over a Vp
range of 2 to 25 V.

" The stabilized R +Rss over a temperature compensation voltage range is advantageous
for interfacing. This allowed the oscillator in Section 6.2 to operate over a large Vp» range.

73



1000

i i
| | { O Data
: : : Theoretical R,
: : : ----- Theoretical R +R ||
100 | !
G
=7
3]
10
g
S
2]
7
O
[
1
0.1
0

Figure 5.9 Measured and theoretical impedance of the 6-MHz IBAR over a Vp range of

2 to 25 V. The dotted line represents the predicted impedance accounting for Rgg of 6.2
kQ.
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Figure 5.10 Measured and theoretical loaded Q of the 6-MHz IBAR over a Vp range of 2
to 25 V.
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5.5 IBAR Design for Manufacturability

DFM for frequency accuracy is summarized for the three classifications of IBARs.
Process-compensated designs for 10-MHz QE and CE IBARs are shown in Figure 5.11.%
The frequency variation for these resonators is shown in Figure 5.12. For the QE design,
the variation is [-25,0] ppm over a £0.5 um process bias range and has a negative
curvature. The width of the rod and the thickness of the flange are 25 pm. The

normalized stiffness is 0.65 PN/m’, and the relative compliance is 3.0.

i Figures are not to
I scale
il e ¢
b) §EESS

e

Figure 5.11 Process compensated geometries of a) a 10-MHz QE IBAR and b) a 10-
MHz CE IBAR.

! The completed analyses for the QE and CE IBARs are in Appendix A.9.
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Figure 5.12 The frequency dependence of 10-MHz CE and QE process-compensated
IBARs on process bias.

Recall that the natural frequency of the CE design is determined by the flange. A
tapered flange is utilized for compensation. See Figure 5.11b. The 10-MHz PC CE
IBAR has a normalized stiffness of 0.29 PN/m> and a ¢ of 6.7. However, because the tip
of the flange is small, the frequency variation is increased to [0,220] ppm for the bias
range of £0.5 um. The CE design provides greater tuning at the cost of increased Af.

Since the two previously presented IBARs are process-compensated using two
different methods, combining their effect can potentially lead to a PC design with low Af,
good tunability, and Q enhancement. This concept is exercised in the geometry of Figure
5.13, in which the taper is reduced. Some extensional contribution is introduced to
compensate. The new tapered 10-MHz IBAR is simulated to have less than 1 ppm Af

over the same process window (Figure 5.14).
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Figure 5.14 Simulated frequency deviation for [-0.5,0.5] um process bias on an

optimized tapered IBAR.



The frequency dependence on other variations was also simulated. For a
thickness variation of £1pum, the frequency variation is 46 ppm. For trench tilting of £5°
rotated along the x-axis and y-axis, the frequency variations are 160 ppm and 23 ppm,
respectively. The finite element model for trench tapering is more difficult to build.
Since trench tapering is symmetric and modes are substantially in the plane of the
substrate, the effects may be nullified. Therefore, it is plausible that trench tapering will
have similar or less effect than the asymmetric tilting.

To verify the optimized design, the dimensional variation due to process bias was
replicated with e-beam lithography. Three resonators designs were drawn: a nominal 10-
MHz IBAR with ideal geometry, one with -0.5 um bias, and one with +0.5 pm bias.
Devices were fabricated on a 10-um n-type 0.002 Q-cm SOI substrate (Figure 5.15).
500-nm capacitive gaps were dry etched in an STS DRIE tool. The frequency response
from a typical IBAR (Figure 5.16) had an impressive quality factor of 170000 in low
vacuum (5 torr). In high vacuum, quality factors of 250000 were measured (Figure B.15).

A handful of devices were characterized. The measured frequency variation
across 41 resonators was within £250 ppm and is dispersed (Figure 5.17). However, less
than 25 ppm variation was observed in the mean frequencies of the three designs. Thus,

¥ contribute for most of the +250 ppm variation and the design is

random variations
indeed process compensated. Data from resonators having lower than 130000 Q were

discarded due to cleanliness — particles on the surfaces also load the frequency.

¥ Thermal oxidation or hydrogen annealing of DRIE surfaces should reduce random
variations.
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Figure 5.17 Measured frequency deviation from the ideal design and designs with skew.
The deviation of the mean of each design is 25 ppm.

For comparison, the results compared to the largest possible 10-MHz resonator.
An extensional-mode plate or disk resonator at 10 MHz has a primary dimension of 400
pum. The same +0.5 um process bias results in approximately 2500 ppm frequency
variation for bulk-mode plates and disks.

Histograms of center frequency and Q are shown in Figure 5.18. The mean
frequency from the 41 samples was 9.884 MHz. Inaccuracies in the material properties
are the likely cause of the 1.2% frequency error. In practice, characterized substrates and
precision tools to align to crystal axes would be available. Data from resonators having
lower than 130000 QO were discarded due to cleanliness (since particles on the surfaces

also load the frequency). Measurement data from all other resonators are reported.
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Figure 5.18 Histogram of natural frequency of the process-compensated IBARs.
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Figure 5.19 Histogram of Q of the process-compensated IBARs in low vacuum (P=5torr).
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CHAPTER 6 REFERENCE OSCILLATORS

The described micromechanical resonators are best suited for oscillator
applications having temperature stability requirements as tight as several ppm. Potential
applications include consumer-grade timing references and some communications-grade
timing references. Since temperature stability and phase noise typically determine the
applicability, two different oscillators were implemented to serve as demonstrations of

. *
these metrics.

" The work on reference oscillators was completed together with Krishnakumar
Sundaresan. Dr. Sundaresan is responsible for all the circuit design.
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6.1 100-MHz Temperature-Controlled SiBAR Oscillator

The SiBAR is the ideal micromechanical resonator for an ultra-low-phase-noise
oscillator [60]. The f~Q product of SiBARs is the highest amongst the resonators
investigated (Figure 1.3), enabling low close-to-carrier noise. Bulk-extensional modes in
silicon can also have very large energy densities, leading to low noise floor. Since bulk-
mode capacitive resonators have limited sensitivity to Vp, the voltage-tuning of C; is
limited. However, resistive heating of the resonator can be used for tuning (Appendix
B.1.3) and temperature-control’. The latter approach is used in the oscillator architecture

in Figure 6.1.

-
~

Silicon BAW
Resonater
QREF - VTUN

Figure 6.1 System diagram for the open-loop oven-controlled SiBAR oscillator.

" The required power for oven-control is expected to be significantly lower than an
OCXO due to improved thermal isolation. The smaller thermal mass also has reduced
warm-up time. However, to compete with an OCXO on temperature stability near 0.1
ppm, a turnover in the f'vs T profile must be introduced.
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The 103-MHz SiBAR in Figure 3.1 was wire-bonded to an ASIC containing the
maintaining amplifier, level-control block, and temperature-control block. The SiBAR
biased at the operating voltage of 25 V has an impedance of 3.3 kQ and Q of 66000
(Figure 3.11). The temperature-controlled oscillator showed 56 ppm frequency variation
over 100°C, which is a factor of 52 improvement compared to the uncompensated
variation of 2980 ppm. The oscillator has a noise floor of -130 dBc¢/Hz beyond 100 kHz
offset (Figure 6.3). At 1 kHz offset, the noise power is -108 dBc/Hz. The observation of
the 1/f; 1/, and 1/f regions is unexpected. Assuming the loaded O is approximately
50000, the Leeson frequency is 1 kHz, below which the 1/f flicker should be up-
converted to a 1/f region. It is likely that mechanisms relating to capacitive transduction
generate 1/f* and 1/f noise that dominate those regions. Nonetheless, the measured phase

noise is a baseline for further improvement.
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Figure 6.2 Temperature stability of a 103-MHz temperature-controlled SiBAR
oscillator.
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Figure 6.3 Single-sideband phase noise of a 103-MHz SiBAR oscillator.

Table 6.1  Specifications for the 103-MHz SiBAR oscillator.

Resonator Specifications

Resonant Frequency 103 MHz
Open loop quality factor

SV bias 90000
25V bias 66000
Motional Resistance

SV bias 50 kQ
25V bias 3.3kQ

Oscillator Specifications
Total power consumption

Sustaining amplifier 2.6 mW
Buffer Driver 19 mW
Temp. Comp. Circuit 0.3 mW
Temp. Comp. Buffer 170 mW
Die area (excluding test circuits) 1.1 mm’
Temp. stability over 100°C

[Uncompensated variation 2980 ppm
w/ Compensation 56 ppm
Phase Noise performance -108 dBc/Hz
1 kHz offset _136 dBe/Hz
Phase Noise floor

Integrated jitter (100Hz—-10MHz) 72 ppm
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6.2 6-MHz Temperature-Compensated IBAR Oscillator

Electrical tuning in the IBAR provides a means to compensate the temperature
coefficient of resonators. Varying the bias voltage can provide 4000 ppm frequency
tuning or more (Figure B.12 and Figure 5.8). This feature is utilized in the IBAR
oscillator architecture in Figure 6.4. The oscillator consists of a maintaining amplifier

with inversion.*

Level control is used in limiting the transimpedance gain to maintain
resonator operation in the linear regime. The bias generator applies a temperature-
dependent Vp to compensate the intrinsic frequency dependence on temperature. Since

electrical tuning is reversible, this approach has excellent potential for good retrace (i.e.,

minimal hysteresis) in the frequency-temperature profile.

Jour

v

BIAS
GENERATOR

Figure 6.4 Architecture of the temperature-compensated IBAR oscillator.

' Symmetric mode resonators have 7 phase shift that is not represented in the simplified
equivalent circuit.
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The intrinsic and compensated frequency-temperature profiles are shown in
Figure 6.5. The natural frequency f, has an approximate linearized slope yr of -28 ppm/K.
The minimum Vp is applied at the maximum operating temperature, and vice versa. To

maintain a constant f,, the bias voltage follows the expression

VPizzA_%'(T_To) (6.1)

in which 4 1s used for calibration and y, is the electrostatic tuning coefficient. (See
Appendix A.10). The IC containing all the functional blocks is discussed in [61]. A
linear bias generator was also implemented for comparison purposes.

The 6-MHz IBAR in Figure 5.6 was interfaced to the IC. The measured intrinsic
temperature variation is 2830 ppm over the range of 25°C to 125°C (Figure 6.6). The
stability improved to 334 ppm with linear compensation and was further improved to 39

ppm with parabolic compensation.

A
f
ﬁ( VP, min
VP: VP, max V P= VP, min
flargel_ _\ ___________________________ /
| L
I I T
T min T, max

Figure 6.5 Typical temperature dependence of resonator natural frequency f,, resonance
frequency at minimum Vp, and the desired temperature-compensated characteristic.
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Figure 6.6 Intrinsic, linearly-compensated, and parabolically-compensated temperature
stability for a 6-MHz IBAR oscillator over a range of 100°C.

Phase noise measurements (Figure 6.7) were made with an Agilent E5500
analyzer. The IBAR was biased at 3 V with an external supply to investigate the close-
to-carrier noise. A low Vp was used since the quality factor in the available IBARs is
minimally loaded with this condition. The phase noise is -90 dBc/Hz at 100 Hz offset
and -110 dBc/Hz at 1 kHz offset. The far-from-carrier phase noise of the oscillator with
ALC is -135 dBc/Hz. The effect of resonator non-linearity on phase noise has not been
thoroughly studied. If larger Vp is applied to the same resonator, lower drive amplitude
may be necessary to maintain linear operation. In this case, the noise floor may degrade.
However, in systems that contain a PLL synthesizer for up-conversion, the far-from-
carrier noise of the reference is suppressed. In such applications, resonator O has more
significance than linearity. Nonetheless, methods to further improve resonator linearity

are suggested in the conclusions.
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Figure 6.7 Single-sideband phase noise of the 6-MHz IBAR oscillator with a 3-V
polarization voltage.

Table 6.2  Specifications of the two-chip temperature compensated IBAR oscillator.

Resonator Specifications

Open loop quality factor

1V bias 112000
10V bias 54000
Tuning coefficient -7.34 ppm/V?*
Circuit Specifications
Amplifier GBW product 175 MHz
Charge pump clock 1 MHz
Ripple filter -3dB freq. 1 kHz
Total power consumption
w/ linear compensation 1.8 mW
w/ parabolic compensation 1.9 mW
Die area (for either IC) 2.25 mm’

Oscillator Specifications
Freq. stability over 100°C

Uncompensated 2830 ppm
w/ linear compensation 334 ppm
w/ parabolic compensation 39 ppm
Phase noise performance

10Hz offset -66 dBc/Hz
1kHz offset -112 dBc/Hz
Phase noise floor -135 dBc/Hz
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CHAPTER 7 CONCLUSIONS AND DISCUSSION

The major contributions in this work are in the design and characterization of
micromechanical resonators for reference oscillators. Temperature-stable oscillators at 6
and 100 MHz comprising of silicon resonators were demonstrated. Manufacturability for
a micromechanical oscillator was investigated. Process compensation, the key element of
the approach, was demonstrated with a 10-MHz resonator. Several resonator topologies
applicable from 30 kHz to 3 GHz were identified, modeled, and characterized.

A number of conclusions can be drawn from this work. First and foremost,
silicon is an excellent material for micromechanical resonators. Low impedance and high
QO can be obtained in silicon resonators up to several hundred MHz. Piezoelectric
transduction is advantageous for ultra-high frequencies. Large electrode area is the key
design guideline for reference oscillator applications.

Many firsts were observed in this research. The 100-MHz oscillator is the highest
frequency silicon-resonator oscillator. A -135 dBc/Hz noise floor was measured from the
same oscillator. Temperature compensation by voltage tuning enabled 39 ppm frequency
stability over 100 °C for a 6-MHz oscillator. The first micromechanical resonator (not
including FBAR) with 50-Q impedance was demonstrated. The highest /~Q product of
1x10" from a silicon resonator was measured. An output current of 1.3 mA rms was
measured from a piezoelectric-on-silicon resonator. Capacitive resonator impedances
were reduced well below 1 kQ and body-resistance loading of the quality factor was
observed. Repeatable center frequencies and Q of 150,000 to 180,000 in low vacuum (5

torr) were measured for a DFM-optimized 10-MHz design.
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7.1 Initial Frequency Accuracy

The required frequency accuracy is determined by the application. Using silicon
as the substrate and considering the factors discussed in Section 2.5, £500 ppm is a high-
confidence level for a process-compensated resonator. For applications requiring ~0.1%
accuracy, this approach is feasible.

The majority of applications requires 100 ppm accuracy or better. Since batch
compensation can provide 1000 ppm or better repeatability, the residual inaccuracy can
be trimmed using the bias voltage. To implement this in a temperature-compensated
oscillator based on Vp-tuning, only 1000 ppm “tuning margin” is necessary. Thus,
fractional-N PLL architectures are not necessary for temperature compensation and initial
accuracy adjustment. It is predicted that low-power micromechanical oscillators will be

manufactured using process compensation in combination with electrical trimming.
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7.2 Future Work

In this field of micromechanical resonators, the surface is merely scratched. A
few areas of research are suggested to further understand the fundamental limitations.
The mechanical properties of SCS need further investigation — The effect of dopants,
doping concentration, and defects on the acoustic properties, intrinsic loss, linearity limits,
and long-term effects could be studied. Second, the topic of phase noise from capacitive
transduction and its optimization would be interesting topics. Other beneficial research
topics include the intrinsic f~-Q product of silicon and other materials, temperature
compensation with silicon dioxide, long-term stability of materials, and new architectures
enabled by micromechanical frequency references.

More technological advances are necessary to enable low-power low-phase-noise
temperature-stable reference oscillators. Further characterization to obtain optimization
vectors in linearity, tuning, loaded O, and phase noise would be very valuable.

Technology will advance, and its direction will be driven by demand.
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APPENDIX A. RESONATOR CHARACTERISTICS AND MODELING

A.1 Capacitive Resonator Fundamentals

Consider the capacitive resonator in Figure A.1a. The mobility of the resonator is

y =22- (A.1)

Electrostatic force normal to a surface is

Fe :a_U:l[/mZ%
ou 2 ou

(A.2)
in which the voltage difference Vjy between the resonator and electrode i is Vp-Vpitvy,.

Vs is the bias on electrode i and v;, is the excitation or “drive” voltage. Expressing the

polarization between the resonator and electrode as Vp; = Vp - Vj;, F becomes

18C

[V + 2V, +v,,” | (A3)

)

o

Figure A.1 Schematic of a capacitive resonator in two-port operation.
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The first term in the parentheses contributes to a time-invariant force. The third term
consists of a constant component and a harmonic component at twice the frequency of the
applied voltage. With comparable levels of Vp; and v;,, the resonator will be excited at
twice the drive frequency. Typically Vp>>v;,, and only the second term is considered for
forced vibration.

F 0Ca (A4)

e,drive = VPl Vin
ou

Therefore, the ratio of applied force to input voltage, which is defined as the input

electromechanical coupling coefficient, is expressed as

F; rive an
= vd =Vp ﬁul. (A.5)

The output current from the resonator is caused by the time-varying charge on the
electrode, given by,

d
I, =V, Ecez (A.6)

assuming Vp; is held constant. The output current to velocity ratio, which is defined as
the output electromechanical coupling coefficient, is expressed as
1, oC,,

=g Ve (A7)
dt

Considering the overall admittance of the resonator, the transfer function has the same
form as the admittance of a series RLC. The electromechanical device can then be
modeled by the following RLC elements:

k m nn
R=—>" [ =—2 C =12 A.8,A9,A.10
: wQ771772 1 mmn, : kn ( )

If the input and output transformers are symmetric, # =#,= 72
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Parallel-plate transduction, when compared to comb drives, provides improved
coupling for small transduction gaps and alleviates mass loading to enable higher

frequencies. The static capacitance of a parallel-plate transducer is given by

C=——, (A.11)

where 4. is the area of the electrode. In (A.11), a uniform displacement u, is assumed.

Since (l—x)_1 =1+ x+x>+x"+x*--- holds true for |x|<1,

-1 2 3 4
SR N (U A (0 IV (0 A5 N ) O (A.12)
d d \d d d
Thus, the gradient of static capacitance to displacement u, is

2 3

oC A u u u

a:‘;; {1+2(j)+3(gy] +4[gy] +} (A.13)
y

The linearized capacitive electromechanical coupling coefficient simplifies to

oC V,eA
=y P
771 Pi au d2

Vv

(A.14)

For increased coupling, the polarization is typically increased. Several limitations
to Vp exist, including voltage generation (i.e., breakdown in the interface IC), dielectric
breakdown across transduction gaps, levitation, and electrostatic pull-in. The latter three
phenomena are rarely observed in this work and the applicable Vp is only limited by the
interface IC and linearity. The HARPSS-on-SOI process used for most of the devices in

this work enables thick device for large area 4, and small gaps d.
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A.2 Two-Port Capacitive Resonator

A two-port m-configuration resonator utilized as a series element typically
operates in series resonance. This configuration requires three or more isolated terminals
on the device (Figure A.1). Shunt capacitances between the resonator body and the input
and output electrodes, Cs; and Cs,, are present. The primary feature of the -
configuration is the lack of an inherent parallel capacitance Cy. A parasitic parallel
capacitance exists nonetheless.

The motional resistance of the device by substituting (A.14) into (A.8) becomes

= k"d4 (A.15)
1 a)}1QVP1'2‘C"214e2 . ‘
The characteristic resistance of the resonator is inversely dependent on Vp,-2 . Since R; has

a d' dependence, a small transduction gap is necessary for small R;. Since the dynamic

stiffness scales with cross-sectional area, R can be rearranged to emphasize this.

k d*
R=|—F 5 (A.16)
Ae a)nQVPi & Ae

Clearly, the motional resistance is inversely proportional to electrode area. The

convenience in defining a normalized dynamic stiffness k,/4. will be evident.
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A.3 Complex Capacitive Coupling

To account for 2D and 3D complex mode shapes, either the coupling coefficients
or the dynamic parameters can be revised. The input and output coupling coefficients are
generally defined as

I

2

F
= and p, =—>
v

(A.17, A.18)

where F' is the modal force, v;, is the input voltage, /> is the output current, and U, is the
mechanical displacement. From these two definitions,

aC
=Vio=— (A.19)

6uy
in which Vj is the potential difference between electrode i and the resonator body, and
uy(x,z) = Uy u (x,2) is the displacement of the resonator along the electrode surface in y.

The instantaneous capacitance between a uniform electrode and a resonator with a

complex mode shape is

c=[]| mdxdz (A.20)

The input electromechanical coupling coefficient #; can be found from the

electrostatic force. The electrostatic force on an infinitesimally small section is given by

dF (x,z)= %sz %dxdz . (A21)
The work done, Up, by the force is
UF:E~ua:IIdF(x,Z)-uy(x,z) (A.22)

where F is the modal force and u, is the modal displacement. Thus, the modal force is

97



_ L Vlozg
u, 2d’

u,
F J.J.uy (x,z)dxdz =u_ e (A.23)

in which Z is the average displacement of the resonator along the electrode surface in y.

Since Vio=VpitVin,
u, oA
u 2d*

a

k= VPi2 + 2V, + Vin2:| (A.24)

For Vp>>v;,, and the coupling coefficient becomes

u, V.ed
N

a

(A.25)

This result closely resembles the coupling coefficient for a 1-DOF system.
Evaluating the output coupling coefficient

I
m=—* (A.26)

Su

a

in which the output current /; is given by

d du, oC
L=V, —C, =V, —L—2
2 20 df e2 P2 dt auy

(A.27)

It 1s assumed that the output bias is constant. The capacitance gradient is linearized to

¢d.d”* and the current output from an infinitesimally small element is given by
£
dl, (x,2) =V, su, (x.2)]- {? dxdz} . (A.28)

Substituting (A.28) into (A.26) and integrating,

(A.29)

By defining u,=u, , the expression for 7 (2.4) remains valid for complex modes.
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A.4 Electrostatic Stiffness

The electrostatic force on parallel plates (A.2) is given by

F, :a_U:lea_C.
oy 2 0y

Substituting the capacitance gradient (A.13) into (A.2), the force from electrode i is

V., eA u uY uY
F =—9—<1+2| — [+3]| = | +4| = | +-- A.30
B Y { (d] (dj (d] } (A-30)

in which Vi=Vp-Vptvy,. F, contains a displacement-independent component which
changes the equilibrium of the device and displacement-dependent terms. The undamped

equation of motion for a resonator with two electrodes and a symmetric mode shape is
F,+F,=mjii+ku (A.31)
in which F,; and F,, are represented by (A.30). Substituting and rearranging,

F

e1,0+F;2,0 u 22
e OEOR }} (a3

Assuming V1=V, and v;,<<Vp,, the electrostatic stiffness is given by

FootF,o=mii+u {kn

ko~ =2 ko + kgt k | (A.33)
The linear electrostatic stiffness from one electrode becomes

2F. V., jed
k I ei _ _ "i0 e A34
ei,0 d d3 ( )

For analyzing tunability, assume Vp; » v;,, and that the nonlinear k. terms are negligible.
The electrostatic stiffness reduces the overall stiffness of the resonator, since the

electrostatic force increases as the resonator moves towards the electrode.
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A.5 Characterization with a Resistive Divider Test Set

For the resistive divider configuration in Figure 2.9, expressions for the device
impedance and absorbed power are found. Since transmission is measured as a ratio

between port 2 and Ref, the transmission ratio is

Z
A, =20lo L A.35
, =20log| -1 (A.35)
in which Z; is the impedance of the DUT. Rearranging gives
A
Z, =7, (10 20 —1}. (A.36)

For a resonator with small Cj, the response is significantly real at the frequency of lowest
impedance, and R, = Z,.

The linearity of the resonator in terms of absorbed power and output current are
also of interest. The resistive divider test set (Figure 2.9) differs from an s-parameter test
set. When a particular input power to the DUT is specified (P; = V,%/50Q), Vs is twice

the required input voltage V.

V. =2-/P-50Q (A.37)

At resonance, the equivalent resistance seen by the source is R.,=Rs+Rrei//(RARL),

where Rg=Rr,/=R;=50Q2. Thus, the motional current at the resonator output /, is

V. R
I, =] = |—RL—, (A.38)
R, )R +R,
Since the power absorbed in the resonator is PR=122Rt, 1t can be shown that
2
R R +100Q2
p-p. 2% : (10002} (A.39)
R +50Q J{ R, +50Q )\ R +75Q
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The product of last two terms approaches unity as R; increases and is negligible for
R1>200Q. Expressing power in dB and substituting for 4y, Pr is can be simplified to

P.~P +% [dB] (A.40)

The power absorbed and the motional current can be easily extracted from open loop

characteristics and the specified input power.
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A.6 Rigid-Body Resonator DFM

The classification of rigid-body resonators covers all devices with a resonating
mass that vibrates as a rigid body. One application is a 32768Hz real-time clock
oscillator, which also serves as a good candidate for investigating manufacturability. In
low frequency structures, flexural-beam suspension is typically used. The stiffness of a
beam in flexure is dependent on the beam width, w, to the third power. If beam width is
defined as w+d, where 0 is the process bias, the stiffness variation due to the processing

bias is given by

Ak, =k —k, Adl
oc(w+5)3—w3' (A41)
Linearizing, Ak oc 3w’ . The fractional variation then becomes
Ak, 3w &8
o« ——=3—". (A.42)
k w w

Since beam width is critical in defining the resonator stiffness, it is the critical dimension.
For the natural frequency, w=(k,/m,)”, to be insensitive to the CD variation, the

fractional mass variation must equal the fractional stiffness variation. According to

(A.42), the fractional mass variation must be three times the fractional CD variation.

AM

M

S (A.43)
w

This can be easily implemented in rigid-body resonators. A grid of lines with a line-

width equal to one-third of w satisfies (A.43).
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A.7 Flexural Beam DFM

The objective is to determine a process-bias-insensitive flexural beam geometry
that enables repeatable natural frequency. The natural frequency of a flexural beam can

be solved through Rayleigh’s method using its mode shape u(x) [62].

! d*u ’
[[E1{° 5t dx
0 dx

) I()l ,oA(x){u(x)}2 dx

2

(A.44)

In a design for manufacturability, the natural frequency remains unchanged for
perturbations ¢ in the device dimensions. For an optimal design, the frequency sensitivity
is zero.

0 1 0

00 2w 06

It can be shown that uniform beams do not provide sufficient features for DFM. The

tapered geometry in Figure A.2 is proposed.

w3 —.-" T
> g \ Geometry with

process bias

Figure A.2 Clamped-free flexural beam with a generic width-profile along the length.

103



The analysis continues for the clamped-free conditions. A profile in which the
width varies linearly along the length is assumed.

w(x)=w3—(w3—w2)§. (A.46)

The normalized displacement of a clamped-free flexural beam can be approximated as
u(x) = Gj : (A.47)

in which 1.4<a<2.0 depending on the profile along the length of the beam and the

proportion of flexing and shearing in the mode shape. Substituting /=w’#/12 and u(x) into

R and simplifying,
(W; 3w A 3w A’ A3j
2 2 - + -
wzzE(a —a) \2a-3 2a-2" 2a-1 2a (A49)
12l w, A
2a+1 2a+2

where A = ws-w,. Considering the perturbation ¢, and assuming

"'~
wy'=w, +0

A.49
['=1 ( )
the conditions for (A.45) can be solved. Simplifying,
i 3(2a+1) 2a+2| ,|6(2a+1)
1 2a-1 2a 1 2a-2
(A.50)

. 3(2a+2)+3(2a+1) _2(2a+2)_0
N 2022 " 243 2a-3

where g=A/ws. The solutions yield a locus of values over a for which the frequency
sensitivity to o is zero. Figure A.3 represents the ratio between the width at the clamped

and free ends wo/ws =1 — g. The solution requires that w, be 10-20% of w;.
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Figure A.3 The locus of wy/ws that satisfies the condition of zero-sensitivity of

frequency on process bias.
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A.8 IBAR Modeling

A mechanical model of the IBAR is presented. The basic IBAR comprises of an
extensional rod and two flexural flanges which serve as electrodes (Figure 5.1). The
three categories of IBARs: the compliance-enhanced (CE), O-enhanced (QE), and semi-

compliant high-Q (CQ) design, are discussed and contrasted.

A.8.1 Lumped Mechanical Model

A simple 2-DOF system is used to analyze the resonator (Figure A.4). Symmetry
is used in minimizing the model to one quarter of the geometry. The extensional rod is
modeled by the mass-spring-damper system of m,, k,, and ¢,. The flexural member is
modeled with my k; and ¢z Damping in the model is assumed to be intrinsic (i.e., by
material losses only, not air damping nor anchor loss) and proportional to velocity. The
coupled 2-DOF system consists of the lumped parameters m;, k;, and ¢; for i=A,B which
are derived from the dynamic parameters for the constituent components. The local
coordinates ¢; model the local displacements of each component and v; represent the
global displacements. Clearly, there are two modes for this system. The mode of interest

is always the lower frequency in-phase mode.
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Figure A4  Lumped 2-DOF “:-model of the one-section IBAR.

Modeling one quarter of the rod as a clamped-free extensional component, the

dynamic mass and stiffness at the free end are

p.Lwt _nmv, o n’rlEw,t

r a)" r
8 L 8L,

r

The mass and stiffness for the half-flange are modeled at the tip. Assuming the flange
has only flexural contribution (i.e., no shearing), its dynamic mass is
my =mg < p,Lwt

where m;~0.25 at the tip. Assuming the cantilever flange undergoes pure flexing,

2 dkr=w?
a)f :—Zva an [ = @Of "My
Lf

The system of equations that describe the IBAR in the mechanical domain are

(Ms2+Cs+K){ZA}={?} (A.51)

where the mass, damping and stiffness matrices are
A =| ™ 0 Co c,tc, —cp K- k,+k, -k,
0 my,| —Cp cy | —k, ky
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The lumped parameters in the 2-DOF model are
my=my, ky=k;, ¢y =m0,0,"
m,=m, + (1 —-m, )mefwft Jk,=k,c,=maQ"
Since damping in the model is assumed to be intrinsic, it is defined by the empirical f-Q

product of 10" for SCS (refer to Figure 3.10). The damping coefficients are expressed

using the motional time constant 7=1/(w;Q;) [20]. Therefore, ¢ =k z, where 7; = 16 fs for

SCS.

A.8.2 Analytic Approximations

Simple analytic approximations can be used to describe the characteristics of

IBARs. Two extreme cases are considered. The stiffness can be found from

k = W kAqA2 +k3q32
17 —2 —2 :
\% \%

where W is the energy in the mode and v is the average displacement along the flange.
Assuming the flange undergoes pure flexure,

v=¢q,+0.39,.
The quality factor is

- 2 - 2
2zW _ My, mvy

VV/oss CA q'A qA + CB 43 qB ‘

Q=

Case 1: g.»qp. In this case, the mode is primarily extensional and the flexural
response is minimal.

(m,+my)o,
k=k,,m~m,+m,, O z—c
A
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The quality factor is greater than the Q of the extensional member since the mass m acts
as a lossless energy storage element. Structures having a mode that satisfies g>>gpare Q-
enhanced (QE) IBARs. The frequency is also loaded by mp, however. Although Q is
greater than the extensional component, the /*Q product remains the same.

Case 2: gp»qq. For this case, the flexural response is much greater than the
extensional response.

k my

B my @,
R——, m= 5 .
03927 T 0.39?

O =

CB

The stiffness, O, and natural frequency of the compliance-enhanced (CE) IBAR are
solely defined by the flexural component. This occurs when wpx«w,. It is evident from
Dunkerley’s equation

1

1
L x5

that approximates the lowest natural frequency of a multi-degree-of-freedom system.

A.8.3 Numerical Solution

The most convenient method to solving the eigenvalue problem is through

numerical means. The method of Foss [63] was used in the analysis.

0. M -M 0, o
R=| ™ , G= , U=G ‘R
M C 0 K

The eigen solutions for U are the complex mode shapes ¢ and complex frequencies s.

Since s/=( +jw;, the O can be found from

(A.53)
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The simulated quality factor for a variety of IBARs, assuming intrinsic loss, satisfies the
f-O product condition (See Figure A.5).
In the compliance-enhanced structure, modal contribution is almost entirely from

the flange. The relative compliance ¢, of a resonator is defined as

(kn j
1 Ae extensional
cC.=—
r kr kl
AE

where k; is the modal stiffness, 4. is the electrode area, and the normalized stiffness of

i (A.54)

the extensional mode (the numerator) is approximately 0.195 PN/m’ per MHz. Using the
numerical model, the relative compliance can be solved. The numerical ¢, values are
compared to the values from finite element analysis (see Figure A.6). The natural
frequencies and c, values match well for wy= 10 um. For wrequal to 20 um and 40 um, c,
and f, match for frequencies up to 10 MHz. At higher frequencies, shearing is present in
the modes and a more elaborate model is required for accuracy. For f, < 10 MHz, the

simple 2-DOF model is valid and accurate.
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,120,150] um.

70,90

b

0f [10,20,40] um and flange lengths of [30,50

A

2 ‘souerdwo)) oAneY

Frequency [MHz]

Figure A.6 Comparison between numerical results (solid line) and finite element results

(o) for the relative compliance of IBARs with flange widths of [10,20,40] um and flange
lengths of [30,50,70,90,120,150] um. Values of ¢, for the DFM designs are also plotted

(x).
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A.9 IBAR DFM for QE and CE Designs

With the simple model and the classification of IBARs defined, the frequency
variation can be addressed. The design for manufacturability for three 10-MHz
resonators is presented in this section. Approximate designs are found by analytical
means. Computational finite element analysis is then used for precise solutions. The

characteristics of the process-compensated IBARs are summarized in Table A.1.

A.9.1 O-Enhanced - DFM

The geometry of a QE IBAR and the dependence of its geometry on process bias
is shown in Figure A.7a. Process bias is assumed to affect all features equally. Trench
width CD variations result in dimensional changes of the entire structure. The effect of
process bias J on the geometry was modeled analytically and through finite element
analysis (Figure A.7b). For a process-compensated design, the gradient of natural

frequency on process bias is ideally zero.

Table A.1 Summary of 10-MHz process-compensated IBARs.

CE | QE | CQ
Simulated Af, for 6=¢£0.5um | ppm | 220 | 25 0.6
Electrode Length, L, um 129 | 81 139

Normalized Stiffness, &,/A. PN/m’ | 0.29 | 0.65 | 0.51
Relative Compliance, ¢, 6.7 3.0 3.8
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Using the crude 2-DOF model, the natural frequency for the first mode of a QE IBAR is

o~ |—A (A.55)

where

K, :% m, +m, =Pm{(L’_5)8(W’+5)+(Lf+§j(w_/+5)}

Assuming that w, = wy, the condition

0w, o _o

s (A.56)

5=0

is satisfied for L,/Ly= 4. Without going into further detail, the ratio of 4 is a lower limit.
If compliance of the flange is considered in the model, the ratio is greater. That is, the
rod length L, must be at least four times the half-length of the electrode.

The result is verified using finite element analysis for a 10 MHz resonator with
w,=25um. The simulated L/L, ratio is 6.1. The dimensions were obtained using the
mechanical properties of SCS. The frequency variations caused by +0.5 um process bias
were simulated to be [-25,0] ppm (Figure A.8). The FE model was meticulously meshed

.« . &
to ensure precision.

" Accuracy of the model, however, requires thorough analysis on the doping- and
direction-dependent material properties of silicon.
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Figure A.7 a) Dimensional dependency on process bias and b) mode shape from the
anisotropic finite element model of a O-enhanced IBAR.
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Figure A.8 Simulated f; variation of 10-MHz QE and CE IBARs for 6=[-0.5,0.5]um.
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A.9.2 Compliance-Enhanced — DFM

A CE IBAR has greatest contribution from the flexural component. Dunkerley’s
formula states that the natural frequency of the system is defined by f; if fi<<f..
Therefore, to compensate for processing variations in a CE IBAR, the flexural component
itself must be compensated. Following Appendix A.6, tapering is necessary in a flexural
beam to enable process-compensation.

A process-compensated 10-MHz CE IBAR incorporating a tapered beam is
shown in Figure A.9. The variation in its natural frequency is 220 ppm for a process bias
of £0.5 um and the curvature of the frequency sensitivity is positive (Figure A.8). The
normalized stiffness is 0.29 PN/m’. When compared to the 10-MHz QE design, the

dependence of frequency on ¢ has increased because the flange tip (wp) is relatively

small.

R
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extensional

contribution
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Figure A.9 a) Dimensional dependency on process bias and b) mode shape from the
anisotropic finite element model of a tapered compliance-enhanced IBAR.
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A.10 Electrostatic Temperature Compensation

The required electrostatic tuning coefficient y, and polarization voltage profile is

solved in this analysis. The series resonance frequency f; is given by
Js Ve T) = fulT) + Afe(Vr). (A.57)
For stable f;, electrostatic compensation requires that the shift in f, over temperature is

negated by the electrostatic tuning.
Af;1,T + AJre,max = O * (A58)

The temperature-dependence of the natural frequency is expressed as

4
dr

=tV (A.59)
The typical yr for a single crystal silicon resonator varies between -22 ppm/°C and -30
ppm/°C, depending of directionality, doping, and temperature. Assuming that y; is

temperature-independent, the natural frequency is

}/T(T_T;‘Ef)

5(T)=1,

(A.60)

T=T,,

A.10.1Electrostatic Tuning Coefficient

The temperature range determines the uncompensated variation of the natural frequency.

Ny =1y (T )= S (i) (A.61)

Afn,T = fn

}/T(Tmax_Tre’) }’T(Tmin—Tre’)
rr, [e —e ! } (A.62)
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The amount of electrostatic tuning is determined by the polarization voltage range. For
compensation, the lowest polarization is applied at the highest temperature, and vice

versa.

Af;’,max = Af;’

rry ~Melrg, (A.63)

Substituting Af, = £, -y, -V,

2

Ao = Jo (Do) Ve vt Voo (A.64)

=T VPi,min2 - f;z (Tmin )7@

Substituting for £,(7) and rearranging

Vg T(Tmax —Tre/’)

Substituting for Afe max and Af,, r into (A.58) enables a solution for y.. If y. is assumed to

2 7 T(Tmin Ty )
T=T. VPi,min - ye

max

Af;,max = f;1 T=Tin VPi,max2:| (A65)

be constant over temperature, it can be expressed as

|:e}’r(Tmax Ly ) _ eJ’T(Tmin Ly ) :|

. = A.66
Y |:e7r(Tmame)VPi’maX2 _ e}/T(Tmin *Tny)VPi’minz } ( )
If the temperature variation is small, y, can be approximated by
7/T (Tmax _Tmin)
7{’ ~ (V 2_ 2) (A.67)
Pi,max Pi,min

Since the yr and y. may be temperature-dependent, high-accuracy compensation schemes
require a more elaborate expression for specifying y.. The nonlinear characteristics of the

electrostatic stiffness should also be considered in applications requiring high drive-levels.
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A.10.2 Polarization Voltage Profile

The Vp-profile as a function of temperature that holds f; constant is desired. The

series resonance frequency is given by
D)= £, (T) 147,V (T)' ] (A.68)

Substituting for f,(7) and rearranging,

2_L £ 1 B
s e

In this case, let the reference temperature be 7Tiyin.

Vo (T) =yi( ff(it) ey,(Tl_Tmm) —1] (A.70)
Since the frequency ratio is given by
% =147, Vi > (A.71)
Vp{(T)* can be expressed as
V, (TY = %(IJZ(T—V;’“;Z - 1] . (A.72)
For y, (T -T,;, )<« 1, (A.72) simplifies to
Vo(T) Vo =7 G + Vp,-,mafj(T ~Ton) (A.73)

The expression for Vp; as a function of temperature can be simplified to

V(T ~A-B(T-T,,) (A.74)

Pi,max

where 4=V, . °and B=y, (i +V, zj . Recall that y, and yr are both less than zero.

e
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A.10.3 Design Center Frequency

The design natural frequency must account for the electrostatic stiffness. Since
material properties are typically characterized at room temperature 7., the required

design frequency at 7,.ris solved. From (A.68),
S 0nT) = £, (1) 147,V (T)' ]

Vpimax 1 applied at 7=T,in and substituting for f,(7) gives

fs _ fn (Trgf )eyr(Tmm—T,.e,.) [1 +y - VP’maxz} _ (A.75)
Rearranging,
_ J
f” (Y:'ef) - e?’r(Tmin—Tref‘) I:l +y, VPVmaxz:I ' (A.76)

Using the approach for initial accuracy in Section 7.1, the tolerance on this design
frequency is determined by the tuning margin. To implement tuning margin in the
resonator, the specified Vp;min and Vpimax in (A.67) must be within the bounds of the

voltage limits.
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A.11 Piezoelectric Resonator Modeling

A.11.1 Fundamental Mode

A piezoelectric resonator can be modeled as a two-port admittance network in
which the applied voltage is V; and output motional current is /> (Figure A.10). The most
convenient method to finding the equivalent circuit is through the admittance

[ 2
Y (s,n)=— (A.77)
L y,=0
There are three components to the admittance transfer function Y>;: the input

transduction, the mechanical response, and the output transduction.
Y, (s,n)=m,-Y, (s,n)n, (A.78)
The parameters #; and 7, are the input and output electro-mechanical coupling

coefficients and Y, is the mechanical mobility. In the following subsections, these three

transfer functions are derived for the extensional mode along x.

|
[
Co
WWY\_|
R L, C I_
I
— %
4 CT_'___
v Cpad__ Rpad
l O

Figure A.10 Simplified model of the piezoelectric-on-silicon resonator. Rpad, Cpad, and Co
are parasitic elements. C; are inherent shunt capacitances.



1) Input Electromechanical Coupling: The input electromechanical coupling
coefficient is defined as the ratio of induced force to input voltage.

_ 5
h=7 (A.79)

The modal force F'; can be defined with respect to any point on the resonator, and x=0 is

selected as the reference. The work done by the modal force is equated to the same from

the surface force of the piezoelectric film to solve for F;.

W =F g = [ T4 (x)d (A.80)

Lel
In (A.47), g1 is the modal displacement, 7 is the stress in the film, A¢ is the cross
sectional area of the film, and S (x)= U_m'd%lx is the unidirectional strain. By defining the
modal force at x=0, g, is conveniently equal to the displacement of the resonator U, at its

end.

Figure A.11 Free body diagram of an infinitesimal section of the resonator perpendicular
to the direction of interest.
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The induced lateral stress on the film for the 1D mode is
TI; =T, = e Ey = Ed,, E, (A.81)
in which £3 is the field intensity, Er is the elastic modulus of the film, and dj; and e;; are

the piezoelectric strain and stress coefficients respectively. Substituting 7¢ and S; into

(A.47) and rearranging for F; gives

F =U; j [Efd31E3][Weltf]|:U_m.d%x:| dx (A.82)

m Ly,
where we; and #; are the width of the input electrode and the thickness of the film,
respectively. Simplifying and using Es=V1/t;, F; simplifies to

F = Ed,V, [ wy(x)du(x)

Lel

(A.83)

For an electrode disposed over x;<x<x,, the input electromechanical coupling becomes

*2

n =dy, Ew,u (x) (A.84)

2) Output Electromechanical Coupling: The output coupling coefficient is the
ratio of output current to velocity.

12
mT,

m

S

(A.85)

The charge at the output O, is found by integrating the induced electric displacement D;
over the area of the output electrode. Since d3;71=e;3,S, for a unidirectional mode, Q> is

expressed as

0, = i[ ID3dydx = I(5E3 +dy, T ) w,, (x)dx. (A.86)

LL’

Ej5 at the output port is zero since V>=0 for Y>;. The stress is
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T.(x) = E,S,(x) = E,U, 2. (A7)
dx

and the electromechanical coupling at port 2 simplifies to

17, = dy, Eywy u()[ (A.88)

3) Mechanical Mobility: For a 1-DOF mechanical system, the mechanical

mobility is

— -1
Y (s,n) = S?m = (m s+ec +ﬂj (A.89)

1 ! " s
in which m,, c,, and k, are the effective modal mass, damping, and stiffness, respectively.
The effective mass can be found by equating the kinetic energies of the continuum and
the discrete model. The stiffness and damping can then be solved using m,, ®,, and Q.

At x=0, the mechanical parameters are given by

AL
m, = Py A [ e =222 (A.90)
L
‘1°E.A
k o=w'm =21 0 (A91)
2L
ANE
c, = kn — nra, zpm (A92)
w,0 20

in which 4,=(tsi*+tr)w is the area normal to x.
4) Electrical Equivalent Model: The admittance Y>;(s,n) can now be formulated

in terms of the geometry and material properties.

Yy(s,m)=mn,-Y,(s,n)-17, = sz (A.93)
m,s+c, + /

This transfer function has the same form as the admittance of a series RLC, and the

equivalent parameters are:
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C m
Rl — n 7L1 — n ’Cl — 771772 i (A94,A95,A96)
mm, T, k,

The electrical equivalent model for a symmetric resonator (in which #;=#,) including
parasitic elements is shown in Figure A.10.

5) Symmetric Half-Width Electrodes: For a resonator with symmetric electrodes
(We=We1=We2), the input and output electromechanical coupling coefficients are
equivalent. For electrodes centered at x = L/2 with a length of L. bound by (0,L), the

following expression is obtained for the coupling coefficients when # is odd:

. [ nxL,
|77|=2d31Efwe s1n( Y3 j (A.97)
Substituting into (A.94),
nr(ty, +1t. )\ E, 1
R s+ )VEP, (A.98)

: 2d,’E’wQ  sin®(nzL,/2L)
assuming w. = w/2. This expression is particularly interesting because R; is independent

of frequency.
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A.11.2 High-Order Modes

The multiple-electrode high-order mode is proposed for high-frequency
application (Figure 4.11). In this configuration, electrode regions with equal phase are
electrically connected. From (A.84), the electromechanical coupling coefficients are

m~ N, (2dyE,w), n,~ N, (2d,E,w) (A.99,A.100)

where N; and N, are the number of electrode regions for the input and output electrodes
respectively. It is assumed that electrodes cover the full width w and the majority of the

area of each “section”. For an odd mode number 7 (i.e., odd number of electrodes),
N, =(n+1)/2, N,=(n-1)/2 (A.101,A.102)

Therefore, the product of the #; and 7, is:given by
2
i, =(n* =1)(dyE,w) . (A.103)
Recall that 5* for the fundamental mode is (d31E fw)z. Since the dynamic mass and

stiffness are also increased by a factor of n, the motional impedance is reduced by a

factor of n/(n*-1). Therefore, the impedance of the high-order mode resonator is given by

g~ ZUs i) EP, (A.104)

Yt —1 2d,’E’wQ

for odd n. For even n, R; is given by

R~ 17U 6 )NED, (A.105)

" 2d,2E’wQ

125



APPENDIX B. SUPPORTING DATA

B.1 SiBAR Measurements

B.1.1 SiBAR O and Impedance

65000 : : :
| 1 H 208x40
60000 -~~~ * T T A232x40
550007777773{ 7777777777 ? 77777 i o X 364x40
X * ! & 396x40
50000 - A ! ‘ ;
Q) A f | |
1 ] ‘ ‘ |
45000 = o u é |
40000 + 1 1 1 A
35000 + | | | |
30000 | | | | | |
0 5 10 15 5, 20 25 30 35

Figure B.1 Q dependence on V' for several 100-MHz SiBARs in low vacuum.
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Figure B.2 Measured impedance vs. Vp and resonator width for SIBARs with 225-nm
gaps.
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B.1.2 SiBAR Electrostatic Tuning

o= ; ; ‘
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Figure B.3 Measured and theoretical tuning characteristic of the 103-MHz IBAR with
225-nm gaps over a Vprange of 3 to 25 V.
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B.1.3 Frequency Tuning by Resistive Heating

Tuning of the center frequency was performed by passing current through the two
anchors of a SiBAR (Figure B.4). One percent tuning was achieved with 250 mW on an
unpackaged resonator in a room-temperature ambient. The power requirement is

expected to be significantly lower for a packaged and thermally-isolated resonator.

Ll 2005.11.18  ONCO
) H5AS1 320x40

- 1 .2 T } T T T
0 50 100 150 200 250 300
Power [mW]

Figure B.4 Center frequency tuning by resistive heating of a SiBAR.
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B.2 IBAR Measurements

B.2.1 Highest-O and Lowest Impedance CE IBAR

Anchor
Resonator

& e Output
s Electrode
~— }“m‘ ) -

L - e
L
L
i
Input 3

o "
‘ -

Electrode S

L
LY

)

-MHz 3-Section IBAR
6 z 3-Section Anchor]

h=20pm, d=180nm

Figure B.5 SEM of a 20-um thick HARPSS-on-SOI 6-MHz 3-section IBAR, d=180nm.
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Figure B.6 Measured Q of 119000 from the 6-MHz three-section IBAR in vacuum.
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A/R log MAG 5 dB/ REF -3Z dB -22.991 dBb
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Figure B.7 Lowest measured impedance of 655 Q (R;=218Q) from the 6-MHz three-
section IBAR (Vp=18V).

100

. i | ¢ Tuning
7YY Y O S & i ® Impedance |

1
[
=
=
=

|
m
ZL

L

|

- 10

1500 -------ee- ..... ___________

Tuning [ppm]

2000 - e = = B P +1

Impedance [kKOhm]

“2500 oo Jroceeneeaes s R e

3000 i i i i 0.1

0 4 8 12 16 20
Polarization Veltage [V]

Figure B.8§ Measured impedance and tuning characteristic of the 6-MHz three-section
IBAR with 180-nm gaps.
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B.2.2 IBAR Tuning and O-Loading

A number of IBARs were measured for their tuning, impedance, and Q
characteristics. The data reported below support the predicted parabolic tuning, the
existence of Rgs, and the Q dependence on Vp. From Figure B.9, IBARs at 5 MHz with
270-nm gaps have approximately -4 ppm/V* tuning. IBARs from the same batch with 3-
MHz f; have approximately -10 ppm/V* tuning. From the modeling, (k,/A)sizar and ¢,
are both proportional to frequency. Thus, the difference in y, for the 3-MHz and 5-MHz

devices should be a factor of (5/3)7, or 2.8, which closely matches the data.

0
-2000 -
E 4000 -
(=3
= 26000 -
@
~
Y i
S -8000
£-10000 - ‘
= |
= 1| ® G2AS3-0507,2.97MHz i N
= -12000 & G2AS3-0510, 5.38MHz | |
A G2AS3-0504,3.17MHz | |
-14000 -7 X G2AS7-0510, 5.59MHz SR I
® G2AS9-0504, 4.08MHz | |
-16000 : : : | |
0 10 20 30 40 50 60
Polarization Voltage, Vp [V]

Figure B.9 Measured tuning characteristic of IBARs with 270-nm gaps.
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The existence of Rsg is proven with more measurements. The measured
impedance from several IBARs contains a constant (¥p-independent) component of 1 to 4

kQ (Figure B.10). These Rss give theoretical O, that match measurements (Figure B.11).

30000
B G2AS3-0507,2.97TMHz
& G2AS3-0510, 5.38MHz
25000 41 A G2AS3-0504,3.17MHz

X G2AS7-0510, 5.59MHz
® G2AS9-0504, 4.08MHz
20000 1 4+ G2AS7-0505, 3.93MHz |

5.30E6/Ve” + 1903

Measured Resistance, R, [Q]

15000 | | |
10000 - | 1 ‘
‘ F  1.02E6/Vp” + 2889
5000 | ‘ | 1 |
0 f | | |
0 0.002 0.004 0.006 0.008 0.01
vy V7]

Figure B.10 Measured impedance dependence on Vp, showing existence of Rgs in IBARs.
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Figure B.11 Measured quality factor dependence on Vp in IBARs.
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B.2.3 Highest-Tunability IBAR

IBARs with 65-nm gaps were fabricated to demonstrate low-voltage operation
and high tunability. Over 3000 ppm of tuning was observed for a polarization voltage

range of 2to 4 V.
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Figure B.12 Tuning characteristic of a 10-MHz IBAR with 65-nm gaps over a voltage
range of 1 to 4 V.
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B.2.4 20-MHz IBARs

IBARs with higher center frequencies were also fabricated. A 20-MHz IBAR

with 65-nm gaps had a . of -20.7 ppm/V* and sufficient tuning for temperature

compensation below 15 V.
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-1000 -
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0 3 6 9 12 15
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Figure B.14 Impedance and tuning of a 20-MHz IBAR with 65-nm gaps.
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B.2.5 Highest-O IBAR

The highest O measured from a 10-MHz QE IBAR in high vacuum is 253,000

(Figure B.15).
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Figure B.15 Highest Q measured from a QE IBAR.
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B.3 Rigid Body Resonators

Parallel-plate and comb-drive resonators for real-time clock application were
designed following the DFM condition in Appendix A.6. A comb-drive resonator
fabricated in 20-pm low-resistivity SOI with 1.5-um gaps is shown in Figure B.16. The
frequency response from a parallel-plate variant has a Q of 36000 in vacuum (Figure

B.17).

05-Jun-05

Figure B.16 SEM of an SOI rigid-body resonator designed for low-power temperature-
compensated real-time clock application.

136



ASR 1og FAG 5 dB/ REF -4@ dB -21.777 dB

: : : : : : : 33, 92485 kHz
.......... e e e TR
: : : : : : BW: %44 mHz
__________ b ceAts .. 32.923967. kHz
f : : : ' : @r 0 35835 k
.......... ;__.nné.“””.“?”.“__;“”..“E”.“__.?””.+D$5¢.“”{.“_211?;;.d5
' ' ' ' ' ' ' . -1.385 Hz

-33.924kHz
035935

IF BH 2 Hz POHER -28 dBm SHP_ 375.9 sec
CEMTER 33.9243 kHz SPAM S Hz

Figure B.17 Measured response from a rigid-body parallel-plate resonator in vacuum.
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APPENDIX C. MATERIAL PROPERTIES

Table C.1  Properties of silicon, Al, Au, and Cr at 298K.
Silicon Silicon Al | Au | Cr
(pure)  |p~2el9/cm’
Mass Density [kg/m3] Dim 2330 2700(19300(|7200
E; 129.4-186.5 ~62 | ~80 [~140
) ) Ci 165.64 163.94 - - -
Elastic Moduli [GPa],[52] Chy 63.94 6477 . . -
Cu 79.51 79.19 - - -
Poisson Ratio Y 0.25-0.31 ~0.3| ~0.3 |~0.3
Motional Time Constant [ps]| i 0.016 - - -
Table C.2  Properties of piezoelectric films at 298K.
Zn0O PZT AIN
[64] [65]
Mass Density, [kg/m’] Dim 5676 7600 3260
Elastic Modulus [GPa] E; 123 53 330
Poisson Ratio vi | 0.18-0.36 0.25-0.31 ~0.24
Piezoelectric Strain Coefficient
d -4.7 -130 -1.8 [66
Relative Permittivity & 9-11 400-1900 8-10
Elec. Resistivity [Q-cm] p. | 10°-10° 10-10° | 10"-10"
Motional Time Constant [ps], Ref. [20]| 7 0.045 11-900 0.032
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