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Abstract—1In this paper, anisotropy of single-crystalline sili-
con (SCS) is exploited to enable side-supported radial-mode thin-
film piezoelectric-on-substrate (TPoS) disk resonators. In contrast
to the case tor isotropic material, it is demonstrated that the
displacement of the disk periphery is not uniform for the
radial-mode resonance in SCS disks. Specifically, for high-order
harmonics, nodal points are formed on the edges, creating an
opportunity for placing suspension tethers and enabling side-
supported silicon disk resonators at the very high-frequency band
with negligible anchor loss. In order to thoroughly sindy the
effect of material properties and the tether location, anchor loss
is simulated wsing a 3-I) perfectly matched laver in COMSOL.
Through modeling, it is shown that eighth-harmonic side-
supported SCS disk resonators could potentially have orders of
magnitude lower anchor loss in comparison to their nanocrys-
talline diamond (NCD) disk resonator counterparts given the
tethers are aligned to the [100] crystalline plane of silicon. It is
then experimentally demonstrated that in TPoS disk, resonators
tabricated on an 8-pm silicon-on-insulator (S01) wafer, unloaded
quality factor improves from ~450 for the second-harmonic mode
at 43 MHz to ~11 500 for the eighth-harmonic mode at 19 MHz
ir tethers are aligned to [100] plane. The same trend is not
ohserved for NCD disk resonators and SCS disk resonators
with tethers aligned to [110] plane. Finally, the temperature
coefficient of frequency is simulated and measured for the radial-
mode disk resonators fabricated on the 8-pm-thick degenerately
n-type doped SCS, and the TFC data are utilized to guarantee
proper identification of the harmonic radial-mode resonance
peaks among others.

Index Terms— Anchor loss, perfectly matched layer, quality
factor, radial mode, silicon disk resonator.

I. INTRODUCTION

ICROMACHINED silicon resonators are now a grow-

ing sector of the MEMS market with applications in
oscillators and sensors [1]-[3]. Regardless of the specific
application, the resonator quality factor () directly impacts
the system performance as it basically determines the noise
floor [1]. However, the optimization of quality factor is a com-
plicated process as the physics of loss is not fully understood
and hard to control in most cases. The quality factor is a
measure of energy loss in a resonance system. Energy loss
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in resonators could be categorized into two general groups of
intrinsic and extrinsic losses [4]. Intrinsic losses are principally
linked to the material propertics whereas extrinsic losses
strongly depend on the design and implementation of the res-
onators. Dielectric loss {1/ g;.), phonon—phonon interaction
loss (1/Qp_p). which includes Akheiser loss [5], and thermo-
elastic dissipation [6] are the examples of intrinsic loss in
resonators. On the other hand, anchor loss (17 Q). airffuid
damping loss (1/Q,), ohmic loss (1/0Q4.), and interface
losses (1/(inerface) are the examples of exirinsic loss in
resonators and these losses could be reduced by proper design
and operation in a controlled environment (e.g., operation
in partial vacuum). The overall ¢ of the resonator could be
written as a function of these difterent loss components
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From this equation, it is clear that if the quality factor
associated with any of the individual sources of loss is small
relative to others, then @y would be dominated by that
mechanism (i.e., the largest energy loss). Al room temperature
and at frequencies below 200 MHz (highest frequency smudied
in this paper), in silicon resonators, ,_, is above 1235000 [7].
Air damping could also be avoided through the operation of
a resonator in partial vacuum. Ohmic loss could potentially
be a major component of energy loss when the motional
resistance of the resonator is comparable to the equivalent
electrical resistance of the conductive signal path. However,
this is not the case in this work as the resonators are not
optimized for low motional resistance. On the other hand,
anchor loss [B], [9] and interface loss [10], [11] are the main
sources of loss in piezoelectric-on-silicon MEMS resonators.
Specifically, anchor loss is believed to be a significant source
of energy loss at the high end of very high-frequency (VHF)
band. As the dimensions of the suspension tethers become
comparable to the acoustic wavelength, a considerable amount
of stress could be applied to tether resonator boundary in each
cycle of vibration. This creates a stress wave which would
propagate through the substrate transferring a portion of the
acoustic energy from the resonating body to the substrate.
Because the subsirate is relatively large, the energy escaped
through the tethers would be mostly scattered and damped
in the substrate. Therefore, anchor loss is believed to be a
significant source of loss in contour-mode resonators.

(1)
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A common approach to avoid excessive anchor loss is
by placing the anchors at nodal points of the targeted res-
onance mode (ie., regions with near-zero displacement on
the acoustic cavity). Due to the near-zero displacement of
these points, a minimal force would be exerted to the tether
interface and anchor loss would be minimized [12]-[14]. The
resonatorftether geometry and size could also be optimized
to reduce the amount of acoustic energy lost through the
tethers [8]. [15]; however, such techniques are not effective
when the tether is not located on the nodal points of the
resonance mode shape. Alternatively, one could redesign the
resonant cavity so that some of the acoustic energy escaping
through the tethers is reflected back. This technique has been
accomplished either by designing a phononic crystal structure
close to (or on) the tethers [16], [17] or by utilizing structures
which function as a classical acoustic reflector [9], [18], [19].

In this work, it is shown that silicon anisotropy could be
exploited to minimize anchor loss for side-supported radial-
mode thin-film piezoelectric-on-silicon (TPoS) disk resonators
at VHF band. TPoS resonators have shown to offer some of
the best {0 values among high-frequency MEMS resonators
reported in the past [20] and contour-mode disk resonators
are among the most attractive designs in [21] and [22]. One
of the reasons for the popularity of this specific design is the
symmeltry of the resonant cavity which results in the center
of the disk to be a node for all resonance modes:; hence,
high @ could be achieved by suspending the device from the
center [21]. On the other hand, side-supported radial-mode
disk resonators will have limited ¢ if not designed properly.

It is noteworthy that side-supported wine-glass-mode
piezoelectric-based disk resonators has recently been studied
in [23] and [24]. For these resonators, the resonator struc-
ture is supported from four minimum displacement points
around the resonator and the anchor loss is managed by
tether design optimization. However, with the exception of
our recent publication [23], thin-film piezoelectric radial-mode
disk resonators have not been studied as a center supported
design was believed to be the only reasonable design for such
modes, and the application of a center supported structure
was deemed complicated. This work provides both theoretical
and experimental evidence for viability of side-support radial-
mode resonators on crystalline silicon and their performance
superiority as the measured fQ figure of merit for the proposed
side-supported radial-mode disk resonators is about four times
higher than the side-supported wine-glass counterparts in [23]
and about 40 times higher than those in [24], a testament to
the effectiveness of our approach in minimizing anchor loss.

This paper aims to comprehensively explore the effect of
anisotropy on the anchor loss in side-supported SCS disk
resonators. It will be shown experimentally and through finite-
element modeling that high-order harmonic radial-mode SCS
disk resonators could be supported by tethers on the sides of
the disk while maintaining a very high @ given the tethers are
aligned to the [100] crystalline plane. The temperature depen-
dence of frequency in the radial-mode SCS disk resonators
fabricated on degenerately n-type doped substrates will also
be smdied and the temperature coefficient of frequency (TCF)
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Fig. 1. Simuolated total displacement for (a) first- and (b) fourth-harmonics
radial resonance mode of a disk structure made from material with isotropic
acoustic velocity. As seen, the only nodal point is in the center of the disk.
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Fig. 2. Simulated total displacement for () first- and (b) fourth-harmonics
radial resonance modes of & disk structure made on a [100] SCS substrate.
Modal points appear on the edges for higher harmonics (e.g.. founb-harmonic)
along the [100] direction,

curves are utilized to screen measured resonance peaks for
identification of harmonic radial modes.

IT. AMALYSIS OF THE RaDiaL MoDE 8 SCS

The resonators studied in this work are designed to operate
in the radial (a.k.a. breathing) resonance mode [22]. One of
the most effective approaches to minimize anchor loss for this
mode is to suspend the resonant body from the center of the
disk where the displacement is virtually 0. However, from the
fabrication point of view, center supported designs are hard
to implement and specifically complicated to manufacture in
TPoS structures as multiple isolated conductive paths have
to be routed to the suspended structure through the central
support stem. Thin-film piezoelectric resonators are commonly
supported from the outer edges of the resonator body which is
not typically considered an option with radial disk resonators.

For isotropic materials such as sputtered AIN, polycrys-
talline diamond, and polycrystalline silicon, the in-plane
acoustic velocity is isotropic, and consequently, the displace-
ment is uniform at the edge of the resonator body for a
radial mode disk resonator, regardless of the harmonic number
(as shown in Fig. 1). Therefore, there is no nodal point at the
edge of the disk resonator and the only way to support the
structure without substantially limiting the  is to support it
from the center.

A similar modal analysis reveals that contrary to the case
for isotropic materials, for single-crystalline silicon (SCS),
a nonuniform displacement field in the radial-mode disk res-
onators is established (Fig. 2). An 5CS has a cubic symmetry
and its effective Young's modulus is orientation dependent
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Fig, 3. Simulated total displacement for the fourth-order radial-mode SCS
disk resonator with (a) tethers aligned to [100] plane and (b) tethers aligned
(o [110] plane with fixed boundary condition at the outer edges of the tethers,
Radial mode shape is excessively distorted when the tethers are aligned
to [110] crystalline plane.

and could vary up to 45% in different crystalling planes [26].
Main crystalline planes ot SCS are [100], [110], and [111] and
sound velocity in [110] direction is higher than sound velocity
in [100] direction (7460 m/s in [100] and 8540 m/s in [110]).

As shown in Fig. 2, the total displacement of the disk
edge is much larger in [110] direction compared to the [100]
direction. This nonuniformity is more prominent for high-order
harmonic resonance modes to the point that nodal points start
to appear on the edges (e.g., fourth-harmonic in Fig. 2(b).
We will exploit such nodal points to support the structure
from the edges and, hence, preserving the ). Results of modal
analysis for fourth-harmonic radial mode disk resonators with
suspension tethers aligned to [100] and [110] crystalline planes
are shown in Fig. 3. As expected, tethers would excessively
distort the mode shape for the radial-mode disk resonator
on a [100] silicon wafer it the tethers are aligned to [110]
crystalline plane. For the same resonator when tethers are
aligned to [100] crystalline plane, the mode shape would
be minimally affected and consequently the anchor loss is
predicted to be minimized.

ITT. FINITE-ELEMENT MODELING

A. Anchor Loss Modeling

MEMS resonators are often much smaller than the frame to
which they are connected and as a result, the frame/substrate
could be assumed a semi-infinite media. Although tethers are
often at the nodal points, nevertheless, there is some periodic
displacement at the resonator—tether boundary, which would
transfer a portion of the acoustic energy to the substrate. The
majority of this transferred acoustic wave would be scattered
and dissipated rather than reflecting back to the resonant body.

There are few cases for which analytical studies exist on
the energy loss of resonant systems through tethers. One such
case is the bending mode clamped-free and clamped-clamped
beam resonators [27]-[29]. These studies are mostly limited to
anchor loss in beam resonators, and there are some simplifying
assumptions made in all of them that further limits their
application. Therefore, the usage of finite-element analysis in
designing resonators with optimized anchor loss has become a
necessity. The high-order absorption boundary condition and
the perfectly matched layer (PML) are the most common
approaches to model anchor loss [30]. PML modeling was first

used for the electromagnetic wave propagation [31] and then
generalized to all wave propagation with linear wave equa-
tions [30] and since has been used for modeling anchor loss for
a variety of structures including disk resonators [32]. PML in
the finite-element analysis is a layer of artificial material with
a finite length that is placed on the boundaries of the substrate
to which the resonant structure is connected. This layer is
matched with the substrate so that there is no reflected acoustic
wave from the interface boundary. There are two approaches
for implementing PML; modifying material properties and
coordinate stretching [33]. With complex coordinate change,
the artificial layer is perfectly matched for all incident waves
in all angles while for the material properties modification
approach, the artificial layer is only matched for waves with
90" incident angle.

In this study, we used PML definition in COMSOL to
simulate anchor loss for which the complex coordinate change
is implemented internally. For the model to work properly,
the PML region should be large enough to attenuate all the
acoustic wave propagating through this medium [34]. It is
also essential to choose proper PML parameters including
PML scaling factor {a), substrate dimension, PML dimen-
sion, and mesh size o guarantee an accurate estimation for
anchor quality factor [34]-[36]. PML scaling factor is used
by COMSOL to produce an effective scaled width for PML
for waves with incident angles other than 907 to compensate
for longer wavelength seen by PML in the complex coordinate
stretching method.

In 3-D modeling of a PML, for smooth dissipation of
acoustic wave and to avoid reflection from PML, dissipation
over a single mesh element should be limited [34]

1
kh = — 2
li] -::5 (2)

where a is the PML scaling factor, £ is the wavenumber,
and h is the element size. Choosing a large PML and small
scaling factor or choosing a small PML and large scaling factor
are two different ways to satisfy the requirement mentioned
earlier. In [34], it was suggested to choose PML and substrate
dimensions as a function of &

1 1
kW, = — ~ — 3
'}2[! 10 %)
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where W, is the substrate radius and Wy is the PML radius.
It is essential to model a big portion of the substrate in the
low-frequency resonance modes to have an accurate model
since the wavelength (4) is large for low frequencies. On the
other hand, for high-frequency resonances, modeling a small
portion of the substrate would suffice.

In order to verify the validity of our PML model, anchor
loss was first simulated for the in-plane bending mode of a
clamped-free beam resonator and the resulls are compared
with the analytical predictions. The quality Factor for a bending
mode cantilever beam could be estimated from (5) assuming
that anchor loss is the dominant source of loss [28]

L{Ly*
Q=i’-;(§) (3}
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Fig. 4. {a) Meshed resonant structure and (b) stress field for the fundamental
in-plane bending mode of a cantilever modeled in COMSO0L for anchor loss
analysis. The complex eigenfrequency is utilized 1o calculate the €.
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Fig, 5. (Qanc a5 a function of PML scaling factor for a cantilever heam
resonator (similar to Fig, 43, The minimum ©Q is assumed to he the most
accurate.

where L, ¥V, and T are the beam length, width, and thickness,
respectively, and A is a constant which changes with Poison
ratio {e.g., A = 3.175 for v = 0.33, A = 3.23 for v = 0.3,
and A = 3.45 for o = 0.25).

In COMSOL, the quality factor could be calculated from
the complex eigenfrequencies resulted from a modal analysis
that contains a source of loss [37], [38]

Re(f)

= 2im(f)

(6)

where Re(f) is the real part of the complex eigenfrequency
and the lm(f) is its imaginary part.

The meshed structure and the stress filed for the fundamen-
tal in-plane bending mode of a cantilever beam resonator are
shown in Fig. 4. The simulated quality factor is found to be
dependent on the PML and substrate dimensions and PML
scaling factor. From (3) and (4), we chose W, = (1/10) and
Wpmi = (4/5) and then tuned PML scaling factor to achieve
the minimum ). The dependence of {} on the PML scaling
factor is presented in Fig. 5 and the lowest simulated value
of {7 is assumed to be the most accurate. The simulation and
analytical results for several beam dimensions are compared
in Table T and are in good agreement.

Next, the same PML model and procedure are used for the
radial-mode TPoS disk resonator. The substrate and the PML
radii are set to be equal to A and 24, respectively. For each
harmonic mode, the substrate and the PML radii are adjusted

TABLE 1
ANCHOR QUALITY FACTOR FOR BENDING MODE BEAM RESONATOR

Dimensions Analytical Simulated
L V T anchor O anchor
() fent) e
25 25 0.5 1.61 = 108 1.59 % 108
25 L2y 035 25.84 = 10° 25.24 « 10%
25 2y 025 3.23 x 10% 3.03 = 10°
S0 25 0.5 51.68 = 10° 50.44 » 105

Fig. 6. (a) Meshed resonant strecture and (b) stress field for a radial-mode
TPoS disk resonator modeled in COMSOL for anchor loss analysis. The PML
and the subsirale radii are adjusted 1w 4 and 24 for each harmonic mode.

TABLE 1T
SIMULATED AND FABRICATED RESONATOR DIMENSTONS

Radius AN Substrate Moly
() thickness  thickness  thickness
_ () () {jama)
bilieca 160 0.5 B 0.2
resgnator
UNCD
atcr 160 03 3 0.2

to the new wavelength and the PML scaling factor is tuned
for minimum .

In order to decrease computational load, a one-way sym-
metry is used for TPoS disk resonators and only half of the
resonator is modeled. Meshing and stress field for radial mode
disk resonators are shown in Fig. 6 and the simulated and
fabricated TPOS disk resonator dimensions could be found
in Table TI.

The simulation is performed for resonators made of two
different materials: ultrananocrystalline diamond (UNCD)
(isotropic) and SCS (anisotropic) with suspension tethers
aligned to [100] and [110] crystalline planes. Diamond res-
onators are studied to support the hypothesis that the sharp
increase in the quality factor of the high-order mode silicon
disk resonators when the tethers are rotated and aligned
to [100] crystalline plane could be solely linked to the emer-
gence of the peripheral nodal points. As shown by simulation,
the same increase is not predicted in isotropic material (such as
nanocrystalline diamond). The simulated quality factors ( (,.)
are presented in Table 111

The stress field for ditferent harmonic orders of the
radial-mode is plotted using a loss-less eigenfrequency
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TABLE 1l
SIMULATED ANCHOR QUALITY FACTOR FOR RAMAL-MODE DISK RESONATORS

Single Crystalline Silicon
UNC Diamond
Harmonic # Tethers aligned to [100] Tethers aligned to [110]
Jo(MHz) gk Jo(MHz) O (k) Ja(MHz) O (k)
Second 43.42 .46 43.56 0.63 83.38 0.75
Third 68.93 ] 69.44 0.88 133.08 0.86
Forth 94.77 6.60 95.35 0.62 - -
Fifth 12048 33.20 - - - -
Eighth 196.33 793.27 - - - -
*the mode shape was not found for the missing data poinis.
Elgenfrequency =43, 11 650266811 MHZ Elgenfrequency=62.92 251 FA108004 MHz TABLE TV

w10t

lz.:

4
11.5
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{05
0
0.5
1

a)

Eigunirequency=14. BIS02IB40612 MHz

=167% w10t
H 0.5
& 0.4
0.2
A h
e 0.2
5 0.4
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c) . -1
Eigenfrequency=197 851847345957 MHz
wigt?
a N |
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\ &
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Fig. 7. Stress field for (a) second-, (b) thind-, (¢} fourth-, (d) fifth-, and

() eighth-order radial mode disk resonator.

analysis in COMSOL (Fig. 7). The stress field in the
x- and y-directions is added to plot the total stress field in the
disk. The slight frequency difference between these simulated
mode shapes and the values cited in Table [T are due to the
fact that for the simulated values in Table 111, anchor loss is
also considered (a substrate and a PML layer are added).

As expected, for TPoS resonators made of UNCD and also
for resonators made of SCS with tethers aligned to the [110]
plane, anchor loss is significant regardless of the harmonic
number. On the other hand, for the silicon devices with tethers
aligned to [100] plane, O is predicted to increase for higher
order harmonic modes by orders of magnitude.

Finally, anchor loss is modeled for fourth-harmonic radial-
mode TPoS resonators with different tether lengths and the
simulated ('s are compiled in Table I'V. As seen, using the
tether length as a parameter for optimizing anchor loss will

SIMULATED SUPPORT ( FOR TETHER WITH VARIABLE LENGTH

Tether Tether

aligned fo aligned fo

[100] [110]
Tether 208 38 4R Llgm  2WE 3B 48
length
4t
Harmonic 66 19 59 32 06 08 16 07
o

not result in a significant improvement of () if the tethers are
aligned to [110] which further support the significance of the
suggested approach in this work absent the efficiency of the
alternative tether optimization methods.

B. TCF Modeling

To predict the frequency drift versus temperature for radial
mode SCS disk resonators, eigenfrequency analysis is utilized
in COMSOL. Frequency drift versus temperature curves are
generated for radial-mode disk resonators and also for bulk
extensional modes in [100] and [ 110] aligned block resonators,
fabricated on the same substrate.

The stiffness coefficients and their corresponding temper-
ature coefficients for Phosphorous-doped SCS {n = 6 =
10'? em—?) are borrowed from [39] (Table V) [Tc is the first-
order temperature coefficient of elastic constant and Té ) is the
second-order temperature coefficient of elastic constant]. The
stiffness matrix is then calculated for each temperature and
is used to repeat the modal analysis and calculate the shifted
resonance frequency.

As shown in Fig. 8, the turn-over temperature for the radial-
mode disk resonator is predicted to be between the turn-over
temperatures of block resonators aligned to [100] and [110]
crystalline planes [40]. In radial-mode disk resonators, there
are significant stress field components in both [100] and [110]
crystalline planes and, therefore, the predicted temperature-
frequency dependence is reasonable.
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TABLE ¥

ELasTiCc CONSTANTS OF PHOSPHORUS-DOPED (1 = 6

« 1019 cm‘J}l SiLiconN AND THEIR CORRESPONDING

FIRST- AND SECOND-ORDER TEMPERATURE COEFFICIENTS [39]

Dopant Chi € Cap T, T, 1,0 T, @ Te,, ™ T,
(GPa) (GPa) (GPa) (ppm°C) (ppm/°C) (ppm/°C) (ppb°C’) (ppb/°C’)  (ppb/°C’)
Phosphorus
6.6 1640 667  TR2 -34.2 -135.2 -67.8 -103 -1 -40
% 10"%em™3

AL ippmCy

=130

o Wideh Extessional HH

140k ——Wiith Extensional 110

—o— Rudial made

N
200

=50 n S0 (L]

Temnperaiure (42}
Fig. 8. Simulated temperature—frequency dependence for radial mode disk
resonator fabricated on n-type doped silicon (a1 = 6 = 1019 cm—) compared
with widith-extensional resonators ofiented in two different directions.

Port1

grownd

Port 2

W Single crystalling siligon
W naolybdenum

W 502

L

Fig. 9. Schematic of a TPoS disk resonator fabricated in this study.

IV. FaBRICATION PROCESS

TPoS resonators are constituted of a piezoelectric layer
sandwiched between two metal layers and deposited on a
layer of low acoustic loss material. The piezoelectric layer
is actuated by an applied electric field across the metal
electrodes. A schematic of the TPoS disk resonator of this
work is shown in Fig. 9. The radial-mode disk resonators of
this work are fabricated both on SCS and UNCD device layers.

Resonators with the silicon device layers are fabricated on
an 8-gpm silicon-on-insulator (SOL) wafer using a five-mask
fabrication process. The fabrication process flow is shown in
Fig. 10. First, the stack of Molybdenum-AIN-Molybdenum is
sputtered on an SOl wafer. Then, the top Molybdenum layer
is dry etched to shape the top electrodes [Fig. 10{a)]. Next,
the AIN film is wet-etched to create access to the bottom

W silicon B Aluminam itride
W Mebvbdemum B Silicen Cride
Fig. 10, Schematic process flow for fabrication of the disk resonators on an

S01 wafer,

metal layer [Fig. 10(b)]. The resonator body is then defined by
successive plasma etching of the full stack of material down to
the SOI buried oxide (BOX) layer [Fig. 10ic)]. Handle layer
silicon is then etched from the backside in a deep-reactive-ion-
etching chamber and the resonator is finally released by wet
etching the BOX layer in buffered oxide etchant [Fig. 10{d}].
The detailed process flow for devices made on the SCS device
layer could be found in [41].

Disk resonators are also fabricated on UNCD. A UNCD
film with an average grain size of less than 10 nm was
deposited by hot filament chemical vapor deposition. To pro-
mote C-plane grain growth in the following sputtered AIN
layer, UNCD deposition is followed by two polishing steps.
The rest of the process is very similar to the fabrication steps
on an 501 wafer explained earlier. The diamond layer is
etched in an inductively coupled plasma etching chamber with
(2/CF4 plasma. The detailed process flow for devices made
on UNCD device layer could be found in [42].

V. EXPERIMENTAL RESULTS

A. Quality Factor Measurements

The frequency response of the TPoS disk resonators is mea-
sured both in atmospheric pressure and partial vacuum (1 torr)
using a Rohde & Schwarz ZNB 8 network analyzer and a pair
of ground signal ground (GSG) probes (Cascade Microtech
Inc., a subsidiary of FormFactor, Livermore, CA, USA) at
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TABLE VI
MEASURED QUALITY FACTOR DATA FOR RADIAL MODE DISK RESONATORS

single crystalline silicon

UNC Diamond
Tethers aligned to [100] Tethers aligned to [110]
Harmonic #
.IrEi' Qﬂﬂ' RM Qﬂl‘ﬁ }3 Qﬂﬂ' Rﬂ‘ Q-ﬂ! .-'III.':' QM.I’ Rn Qﬂ"vg
MHz) (b (kD) k) (MHz) (k) (k) ] (MHz) (&) (k<) k)
Second 42.8 0.4 6.0 0.3 433 05 203 0.5 R0.0 0.9 6.1 0.7
Third 69.0 28 0.3 1.8 70,2 0.65 1.7 047 128.1 0.2 9.4 017
Forth 94.7 5.6 1.0 38 95.9 0.8 331 0.65 = - - =
Fifth 120.3 T4 1.0 4.3 - - - = - s - -
Eighth 195.8 9.7 1.2 6.3 - - - - - - - -
ambient temperature while terminated with the internal 50-02 B R, T,
. . =8| L3 J-'l,,r; y
impedance of the network analyzer. The loaded guality factors a1 — i -
{ Qoadea) are measured and the unloaded quality factors are =7
extracted by deembedding the loading effect of the termination ~ § ™
resistances, b
Frequency responses are measured for disk resonators
- - - . . 4%
on anisotropic (SCS) device layer with tethers aligned to
[100] and [110] crystalline planes and also for the disk -l : s B o . ;
resonators fabricated on isotropic UNCD device layer. Frequency {He) <
As expected, resonance frequencies for the UNCD disk Fig. 11. Recorded 521 for a UNCD radial-mode TPoS disk resonator

resonators are higher compared to the higher Young's modulus
of the UNCT» [42],

As shown in Table VI, for the UNCD disk resonators and
also the SCS disk resonator with tethers aligned to [110]
direction, {? values are relatively low. This is believed to sup-
port our hypothesis indicating that a large portion of acoustic
energy would be lost through tethers considering that the
structure was not supported from its nodal points in these res-
onators, On the other hand, for higher harmonic radial-mode
disk resomators with tethers aligned to [100] plane, unloaded
quality factor improves from an average of 290 at 43 MHz to
6300 at 196 MHz for the eighth-harmonic mode. Frequency
responses are measured in atmospheric pressure for five SCS
disk resonators with [100]-aligned tethers and five UNCD
disk resonators. The maximum quality factor {(,,,) and the
average quality Factor { J4yg) are reported in Table VI For the
SCS resonators with [110]-aligned tethers, only two resonators
exhibited peaks around the expected resonance frequencies and
the average data were reported for those two resonators.

The typical frequency response for a UNCD and an SCS
radial-mode TPoS disk resonator with tethers aligned to [100]
crystalline plane are shown in Figs. 11 and 12, respectively.
The frequency span for these measurements is 40-200 MHz
and several harmonics of radial mode are identified for these
devices (inset figures on the frequency Figs. 11 and 12). The
anchor quality factor is modeled for all the resonance modes
within a region around the measured resonance frequencies for
each harmonic mode. For the mode shapes with a reasonable
quality factor, the TCF curves are modeled and compared

simultanecusly presenting the resonance peaks of second, third harmonics
with their comesponding (.

to the measured TCF curve to confirm that the measured
resonance peaks are assuredly higher order harmonic radial
modes.

For the SCS resonators with [110]-aligned tethers, the
simulated and measured quality factors are maiched fairly
well. This confirms our hypothesis that the anchor loss is
the dominant source of loss for the side-supported radial
mode TPoS resonators when the structure is not supported
from its nodal points. However, considering the simulated
quality factor for the higher order harmonic radial mode TPoS
resonators with [100]-aligned tethers, the anchor loss is almost
eliminated. For these resonators, we believe other sources of
loss such as interface loss and surface loss are playing a more
important role.

It is necessary to mention that the top electrode pattern
in these resonators is not designed for the optimum coupling
factor. For high harmonic modes, a portion of electrical charge
accumulated under the electrodes will be canceled out since
areas with opposing stress polarity are covered with the same
electrode. On the other hand, with such electrode design,
several harmonic numbers of the radial modes could be excited
on the same resonator and the quality factor could be fairly
compared for all such harmonic radial mode TPoS resonators.

The unloaded quality factors measured both at atmospheric
pressure and partial vacuum for different harmonics of the
radial-mode TPoS disk resonator exhibiting the highest ¢ are
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Fig. 12, Recorded 521 for an SC5 radial-mode TPoS disk resonator with tethers aligned to [100] plane measured in panial vacuum simulianeously presenting
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TABLE VII

MEASURED DaTa FOR SINGLE CRYSTALLINE SILICON DISK RESONATOR
WITH TETHERS ALIGNED To [ 100] DIRECTION

TABLE VIIl

COMPARISON OF THE BEST RESULT REPORTED IN THIS WORK WITH
SELECT PUBLISHED DATA IN THE SAME FREQUENCY RANGE

. In partial Vacuum
Harmonic In Atmoespheric pressure (1 Tom)
#
fo 0 R.. Jo Q R.,

(MHz} (k) k) (MHz) (k) ki)

Second 42,78 0.43 6.04 4278 0.45 379
Third 68,98 2.80 0.31 68.98 2.92 0.29
Forth 94.66 5.60 1.01 4,66 6.20 0.90
Fifth 12034 744 098 12034 R47 0.91
Eighth 19582  9.66 1.22 19582 1148 1.20

compared in Table V1I. For lower harmonic modes, it appears
that the quality factors do not change significantly under
vacuum which further confirms that the anchor loss is the
dominant source of loss for the second and third harmonics.
For the high-order modes, on the other hand, the anchor
loss is mo longer the main source of loss and the quality
factor improves about 19% in vacuum in the absence of
air damping loss for eighth-harmonic mode (increased from
9660 to 11480),

The quality factor of the eighth-harmonic radial-mode TPoS
resonator is compared to several other published results from
resonators in the same range of frequencies (Table VTIT).
As seen here, the quality factor of the TPoS disk resonator (this
work) is the second best only after the capacitive resonators
while the kr*. in this device surpasses that of the capacitive
resonator by a large margin. Also, it is notable that for a
capacitive resonator, the quality factor improves significantly
when measured in the vacuum. This is because squeezed-film
air damping is one of the main sources of loss in the capacitive

Resonalor Jo [ O Resonance
Type (MM (K) (K} _ mode Reference
TPOS 19582 966 1148  Radial This work
TPOS 42 68 - Lateral [44]
: extensional
Capacitive 193 88 23 Radial [22]
. . Lateral
Piczoclectric 2299 - 13l [45]

resonators due to the extremely small size of the capacitive
gaps that are necessary for improving the coupling factor [43].
This sensitivity to air damping will put stringent requirement
on the packaging of such resonators that could be relaxed for
TPoS resonators,

B. TCF Measurements

The TCF is measured for a radial-mode TPoS res-
onator and lateral-extensional mode TPoS resonators aligned
to [100] and [110] planes. The center frequency drift is
measured in the range of —60 "C-80 “°C in a Janis cryogenic
vacuum probe station in which liguid nitrogen is used to cool
down the chuck below ambient temperatures. The resulls are
plotted in Fig. 13. All three devices used for this measurement
are made on the same substrate with a doping concentration
of i~ 4 % 10" em™3. As predicted by the simulation
results of Section [lI-B, the turn-over temperature for the
radial-mode disk is between the two turn-over temperatures for
the extensional mode resonators aligned to [100] and [110].
However, the turn-over temperatmre for all three resonator
types is at lower temperamres than predicted in Fig. 8. This
is mainly because the available stiffness coefficients used for
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Fig. 13. Frequency-temperature plot measured for a radial-mode TPoS disk
resonator and extensional mode TPoS resonators aligned to [100] and [110]
silicon planes,

the simulation section are reported for a doping concentration
higher than what was used for fabrication in this work and
also only the silicon layer was considered in the simulation
and the contribution of AIN and Molybdenum layers were
neglected in the simulation. For the radial-mode disk resonator,
the extrapolated turn-over temperature is at ~ —105 *C, when
it is at ~16 “C for the [100] extensional mode resonator and
below —200 °C for the [110] extensional mode resonator.

V1. CoNCLUSION

Radial-mode disk resonators are commonly supported from
the center of the disk due to the expected excessive anchor
loss for side-supported radial modes. Therefore, piezoelectric
radial-mode disk resonators are seldom developed. In this
work, it was demonstrated that in a TPoS radial-mode disk res-
onator by rotaling the anchors to align with [100] plane, anchor
loss would be reduced significantly. Specifically, anchor loss
would no longer be the dominant source of loss for high-
order harmonic modes. Devices are fabricated on SCS and
UNCD and the validity of this claim is confirmed both with
experimental measurements and finite-element simulations.
Due to their reported high-quality factor, high-order radial-
mode TPo5 disk resonators are excellent candidates for stable
oscillator designs in VHF band.
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