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1. Introduction

While recent research in microelectromechanical system (MEMS) radio frequency
(RF) resonators and filters has focused on the ultra-high-frequency band for cellular
applications,*~" MEMS offers the potential for large gains over current commercial
components in the high-frequency (HF) and very-high-frequency (VHF) bands,
especially for demanding defense applications. Furthermore, the crowded and
dynamic nature of the RF spectrum will require more frequency agility in the future,
thereby increasing the value of integrated filter banks.® The lithographically defined
resonance frequencies of RF-MEMS resonators enables monolithic manufacturing
of filters across a broad frequency range, along with the promise of size and system
integration benefits.

Piezoelectric materials are attractive for RF MEMS resonators and filters because
they enable large coupling and potential direct 50-ohm termination. These qualities
have allowed piezoelectric resonators to become the dominant commercial
technology for narrowband filtering. Materials such as aluminum nitride (AIN) and
zinc oxide (ZnO) are common choices for piezoelectric transduction due to their
coupling factors and ease of fabrication. Lithium niobate (LN), a common material
for surface acoustic wave (SAW) resonators, has recently been investigated as a
material for MEMS resonators®*2 due to its large material coupling factors and high
phase velocity, enabling high-frequency devices with wide bandwidth. Lead
zirconate titanate (PZT) offers similarly large material coupling factors,*>* along
with large piezoelectric constants (e.g., es1f of —18 C/m? or higher®®) enabling high-
performance actuators to be monolithically integrated with electromechanical
resonators. Since the permittivity of PZT is significantly larger than AIN, ZnO, or
LN, direct 50-ohm terminated resonators in the HF and VHF bands can be made
small compared to commercially available filters (Fig. 1). The low phase velocity
and large permittivity, however, can prevent scaling frequencies above 500 MHz.

Fig.1  Comparison in size of a two-pole PZT MEMS filter atop a commercially available
70-MHz SAW filter?®3
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Because the mechanical quality factor of PZT is low, single-crystal silicon is often
included in the resonator to boost the resonator mechanical quality factor, Qm®®;
however, the added silicon degrades the effective electromechanical coupling of
the resonator, ke?, the ratio of energy transduced to the energy input. The decrease
in ker® is counteracted by the increase in Qm and the figure of merit, ke?Qm, remains
nearly constant across silicon thicknesses.!” The added silicon also dramatically
increases the power handling of piezoelectric resonators.*®

While silicon reduces the coupling factor of resonators operating in extensional
modes, out-of-plane flexure modes can be enhanced by adding silicon to the
resonator. Research in piezoelectric MEMS resonators initially focused on flexural
resonators, specifically beam flexure modes.'® These designs were abandoned in
favor of length extensional resonators because the mechanical boundary conditions
in the flexural beams introduced significant nonlinearities due to spring stiffening.?
In contrast, disk flexure resonators?!, which are tethered along a nodal diameter, do
not suffer from the spring stiffening effects. These disk flexure resonators have
demonstrated coupling factors quadruple that of length extension resonators on the
same die and with lower loss.?? This increase in coupling factor is enabled by the
added silicon and the fact that the mode transduces significant energy using both
the es1 and es2 piezoelectric constants. These modes perform well at lower
frequencies; however, due to unfavorable scaling properties, they are likely limited
to below 100 MHz.2® For these reasons, PZT-based disk flexure modes are of
interest for HF and VHF electromechanical MEMS resonators and filters.

This report details PZT-based MEMS resonators using extensional and flexural
modes designed for direct 50-ohm termination. Important considerations for the
50-ohm terminated design will be discussed, such as the importance of parasitic
resistance and optimal sizing of shunt reactance. This report is organized in five
sections. Following this introduction is a description of the microfabrication
processes used for these resonators and filters. Section 3 contains a discussion of
modeling and design of PZT resonators including a detailed treatment of parasitic
resistance and sizing of shunt reactance. Results and discussion are contained in
Section 4, highlighted by the monolithic integration of low-loss resonators with
either high coupling or high quality factor. Section 5 includes concluding remarks.

2. Fabrication

The resonators are fabricated in a PZT-on-SOI (silicon-on-insulator) process
outlined briefly below and in Fig. 2. A more detailed treatment of the entire
fabrication process can be found in Pulskamp et al.

Approved for public release; distribution is unlimited.

2



The process starts by depositing and patterning the active material and electrodes,
Fig. 2a. To begin the deposition, a 200-nm thermal silicon dioxide layer is grown
on a 150-mm-diameter SOl wafer with a 10-pum-thick silicon device layer.
Titanium is sputtered and oxidized to create a 35-nm-thick templating layer of
textured TiO2 for orienting the subsequently sputtered 100-nm platinum bottom
electrode.?* This oriented platinum electrode enables (001) oriented lead PZT with
a Zr/Ti ratio of 52/48, which is deposited via chemical solution deposition.® The
top electrode is sputtered platinum with a thickness of 50 nm. The first step in
patterning the stack is to etch the top electrode, which is performed by Ar ion
milling. With the top electrode defined, the rest of the actuator stack can be
patterned by another Ar ion mill, down to the silicon dioxide residing on top of the
device Si layer.

Fig.2  Fabrication process for PZT-on-silicon resonators: a) piezoelectric stack deposition
and patterning, b) gold deposition, trench etch, and passivation, c) sacrificial photoresist
deposition and electrical contact bridging, and d) removal of sacrificial photoresist and XeF,

release

With the transducers defined, electrical contacts can be deposited, the resonator
body defined, and a passivation layer deposited and patterned (Fig. 2b). To form
probe pads and electrical traces, Au/Pt/Cr (730 nm/20 nm/20 nm) are evaporated
and patterned via lift-off, referred to as metal 1. The resonator body can be defined,
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electrically connected to the probe pads, and released. To define the resonator body,
a deep reactive ion etch of the silicon and a reactive ion etch of the buried oxide
layer are performed, forming a trench extending into the handle wafer. A conformal
layer of 25-nm HfO2 capped 50-nm Al20s is deposited via atomic layer deposition
(ALD) in a sequence of three deposition and anneal (at 500 °C in flowing O2)
procedures. This ALD layer acts as a passivation layer for the device silicon layer
during the subsequent release etch in XeF2. A reactive ion etch is performed to
pattern the bottom of the trench and open access to metal 1.

With the electrical interconnects deposited and the resonator body defined, gold air
bridges can be deposited with the aid of sacrificial photoresist (Fig. 2c). To reduce
large step heights across the wafer and enable photoresist processing for the
remainder of fabrication, the deep trench is filled with a sacrificial photoresist. A
second sacrificial photoresist is patterned, upon which a 2-um-thick gold layer is
deposited and patterned with lift-off. This gold bridges from the metal 1 probe pads
to the metal 1 layer on the top electrode of the transducer, eliminating the probe
pad parasitic capacitance. With the entire structure defined, the sacrificial
photoresist is then removed in an oxygen plasma, and the resonator is released using
an isotropic XeF: etch (Fig. 2d).

3. Modeling and Design

This modeling and design section discusses electrical parasitic resistance and its
effect on quality factor and insertion loss. Following this is a description of the
design and operating principles of a novel disk flexure resonator that has exhibited
lower loss than traditional length extension designs.

3.1 Modeling Performance of Resonators with Parasitic
Resistance

Parasitic resistance in the top electrode can have dramatic effects on device
performance, especially in low motional resistance resonators. Despite its
importance, there are complex tradeoffs in material choice, layer thicknesses, and
design, which motivate the following analysis. Much of this tradeoff arises from
the coupling of the electrical and mechanical domains. For example, thin electrodes
would be mechanically ideal; however, thin electrodes will produce large electrical
parasitic resistance. Additionally, electrode materials that produce the best
piezoelectric film properties can also result in larger electrical trace resistance.
Large degradation in the insertion loss and quality factor of the two-port network
suggest that these parasitic resistances should be considered in the design of
resonators, and not removed with de-embedding or neglected.
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To properly model the performance of the electromechanical resonator and the
effects of the parasitic resistance in the tethers, the modified Butterworth Van Dyke
(mBVD) model®® may be used. This model adds resistance in series with the
standard Butterworth VVan Dyke (BVD) pi network model. Figure 3 shows the two-
port mBVD model, where the equivalent motional elements, Cm, Lm, and Rm, are
highlighted in blue. The parasitic resistance in the tethers is represented by Rps and
the shunt capacitors, Cs, represent the capacitance between signal and ground
electrodes through the piezoelectric material at input and output ports. The bottom
electrode resistance and capacitor loss are represented by Ry in the diagram.

Equivalent motional elements
R R L C R

ps m m m ps

(o, o

Fig.3 The mBVD model for a two-port resonator. Tether resistance, R, can have

dramatic effects on performance.

ps?

To evaluate the effects of tether resistance on system performance, it is helpful to
look at the effect tether resistance has on the forward scattering parameter, Sz1. This
can be derived analytically by cascading the ABCD matrices for the individual
elements and transforming the ABCD matrix of the system into scattering
parameters based on the load impedance. The magnitude of Sz1 is described in
Egs. 1 and 2.

2

1S,4] = 1)
21 ZM ZZL ZZM ZLZM .
2+ My 2oLy 2o M PLEM L R
ZL Zs  Zs  zg® psk
__ 4Zg+2Zy | 2RpsZs+ZyRps+2ZyZs+2Zs? 5
B=—7"+ 2 : )
Zs Z1Zs

Here, the impedance of the load is Z., the impedance of the motional elements
(motional resistance, inductance, and capacitance) is Zw, the impedance of a shunt
arm is Zs, and the parasitic resistance from the tethers is Rps. When the parasitic
tether resistance is low, £ does not have a significant effect on the resonator |Szi|
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performance. When the tether resistance is on the order of Z., Zwm, or Zs, however,
there can be a significant degradation in performance due to the Rpsf term in Eq. 1
as shown in the following analysis. Additionally, properly sizing the resonator for
the termination is also important. If the resonator is oversized, the larger
capacitance can shunt signal to ground; however, if the resonator is undersized, the
motional resistance becomes large, reducing the transmission. The terms Z; and Zs
in Eq. 2 account for this effect. In either case, mismatch also causes signal
reflection.

These parasitic resistances are especially important for low Rm resonators because
they can significantly affect the extracted quality factor. The quality factor of the
resonator is a ratio of energy stored to energy dissipated and is an important
parameter that controls the insertion loss and roll-off in filters. There are several
distinct quality factors that are relevant to understanding the influence of parasitic
resistance on resonator performance. The loaded quality factor, QL, is related to the
bandwidth of the forward gain scattering parameter response, |Sz1|, and accounts
for the loading effect of the source and load impedances on the device response.
The unloaded quality factor of the circuit, Quic,?” excludes the loading effect of the
termination impedance on the resonator and is a function of QL and the |S21| at the
resonance frequency, as shown in Eq. 3. The Qucc is the traditionally reported
unloaded quality factor for electromagnetic RF resonators.?’

Quic = m : 3)
The mechanical quality factor, Qm, is the quality factor of the mechanical
components of the resonator. Parasitic resistance, which does not affect Qm, can
have a significant effect on the extracted Qurc by loading the resonator and
reducing Qu, far below Qm as shown in Fig. 4. The plot shows the ratio of Qut.c
to Qm as Rm and Rps are varied (all other mBVD parameters are kept constant). For
low Rm devices (<20 ohm), the addition of small Rps can produce large changes in
the QuLc to Qm ratio. For example, a resonator with Rm of 7 ohm and Rps of just
3 ohm would have an unloaded quality factor 30% lower than the mechanical
quality factor.
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QUL/ Qm

Rps [Q]

1 2 5 10 20
R[]

Fig.4  The plotted ratio of unloaded quality factor to mechanical quality factor shows that
for low motional resistance resonators, parasitic resistance can dramatically degrade the
quality factor of the resonator

While the effects of parasitic tether resistance have been described here for low Rm
resonators, these effects can be important for higher motional impedance devices
as well. Figure 5 shows the simulated, 50-ohm terminated insertion loss in decibels
of resonators with various series parasitic resistances over a range of motional
resistances. The loss can increase significantly even for high impedance resonators.

Insertion Loss [dB]

-20

0 100 200 300 400 500
Ry [€2]

Fig.5  Modeled S,; as a function of R, and R shows that R ¢ has significant impact on
resonator performance®

Parasitic resistance can be especially problematic when feature sizes decrease,
especially for resonators at frequencies above 500 MHz. At these frequencies,
interdigitated transducer electrodes (not just routing traces) can have non-negligible
resistance, and this resistance can degrade performance similar to the effect of
tether resistance described previously. Since adding more metal to the transducer
electrodes on the resonator decreases coupling and mechanical quality factor, there
IS a necessary trade-off between the electrode resistance and resonator figure of
merit for resonators at higher frequency.
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3.2 Design and Operation of a Disk Flexure Resonator

While length and width extension modes are most commonly exploited in MEMS
resonators, disk flexure resonators provide several benefits, such as lower loss and
higher coupling. These disk flexure modes differ from the beam flexure modes
investigated in the 1990s and 2000s™® in that the tether to the substrate does not
clamp the structure. Furthermore, because the mode strains in both x- and
y-directions, there is a coupling enhancement from accessing both the es1 and es2
piezoelectric constants, enabling larger coupling from flexure modes than from
length extension modes in PZT-on-silicon resonators. This enhanced coupling has
been demonstrated recently by Cassella et al. utilizing Lamé modes to access the
es1 and es3 piezoelectric constants,?® as well as Puder et al. utilizing a flexural beam
mode by accessing the es1 and es2 piezoelectric constants.?® In length extension
resonators, the effective resonator electromechanical coupling factor, kef?,
generally decreases with increased silicon thickness because the additional silicon
stiffens the structure but does not contribute to the piezoelectric response. In
contrast, for disc flexure modes there exists an optimal silicon thickness for device
performance. In a pure PZT resonator, the mid-plane of the piezo is collinear with
the neutral axis, so no bending moment exists, and there is no coupling due to
flexure. If silicon is very thick, most of the mechanical energy will reside in the
silicon, and the coupling approaches zero. Between these extremes, there exists a
silicon thickness that provides optimal coupling for flexural modes; however,
exploring this optimization space is beyond the scope of this work. The HF and
VHF bands are ideal for flexural-mode MEMS resonators where the mode is not
distorted by shear effects, but the resonators are still quite small. Ultimately, these
flexure modes, which are not often used in MEMS resonators, can be used to create
50-ohm terminated low-loss wideband resonators at HF and VHF frequencies.

A micrograph of an example disk resonator is shown in Fig. 6, where identical disk
resonators are arrayed in parallel to reduce the motional resistance and to increase
the shunt capacitance of the resonator array to match the 50-ohm termination and
optimize the |S21| response. The cutout of Fig. 6 shows a zoomed image of an
individual resonator in the array highlighting the materials and device features. On
each disk, gold lacing is used to reduce the parasitic resistance of the platinum
traces and electrodes, which can significantly degrade performance of low motional
resistance resonators as described previously.
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PZT Device layer
Tethers
L —transducers silicon
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Release .
lacing

trenches

100 um

Fig.6 A micrograph of the arrayed disk flexure resonators. Gold is laced on the traces and
electrode to reduce parasitic resistance.?

The resonator operates in a disk flexural vibration mode, B11, with a nodal diameter
aligned with the tethers and a nodal circle. The modal displacement simulated in
ANSYS is shown in Fig. 7a. The resonance frequency of this mode is a function of
the material stack and is inversely proportional to the radius squared.* This square
frequency relationship complicates scaling to very high frequencies because the
mode shape is distorted when the aspect ratio of the disk inhibits plate-like
behavior. While frequency scaling by reducing the radius can be problematic,
higher frequencies can be accessed by designing the devices for higher-order
modes.>!

To excite these flexural vibration modes in the resonator, the piezoelectric material
contracts and creates bending stresses in the resonator material stack, so increasing
the distance the PZT is offset from the neutral plane of the disk can increase the
bending stress. The PZT at each port couples electrical energy into mechanical
vibration, and vice versa. The electrode pattern was designed for optimal coupling
according to the procedure in Pulskamp et al.?* by placing the electrodes where the
modal stresses, shown in Fig. 7b, are largest. By limiting the area covered by the
electrodes, the coupling is optimized while the proper shunt capacitance is then
achieved by arraying the six individual resonators in parallel.
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Tethers

Maximum
@) deflection

High stress points
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Fig. 7 ANSYS modal analysis showing a) mode shape and b) modal stress profile. Material
located at high stress points produces large coupling.

4. Experimental Results

The results in this section are separated into length extension resonators, disk
flexure resonators, and a comparison of these resonators monolithically integrated.

4.1 Length Extension Resonators

To demonstrate that parasitic tether resistance can have a significant effect on
resonator performance, a number of resonators were fabricated with 8, 12, or 16
tethers utilizing the fourth, sixth, and eighth length extension overtone,
respectively. These tethers mechanically support the resonator at nodal points but
also contain the electrical traces connecting the waveguide to the top and bottom
electrode on the resonator body. The 50-nm-thick top platinum electrode layer is
used to form these electrical traces, so they are quite resistive (~40 ohm). Because
the resistances are arrayed in parallel and only every other tether connects to the
signal line of a port, each port of the eight-tether resonator sees 20-ohm parasitic
resistance in the signal path. Likewise, the 12 and 16 tether resonators see 15-ohm
and 10-ohm parasitic resistances in the signal path. Figure 8 shows the quality
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factor and insertion loss from a number of resonators with 8, 12, or 16 tethers that
are designed to have the same shunt capacitance and frequency.

8 Tethers @12 Tethers 16 Tethers
©8 Tethers Ave. @12 Tethers Ave. ® 16 Tethers Ave.

3500

3000

2500 "-

2000

|-“—§—|
1500 °®

1000

Unloaded Quality Factor [ ]

500

0
0 2 4 6 8 10

Insertion Loss [dB]

Fig.8  The scatter plot of measured results from a cross-wafer study highlights the
increased quality factor with increasing numbers of tethers in parallel, as well as lower
insertion loss with 16 tethers. Circles are individual data points, and diamonds represent the
average with error bars of 1 standard deviation.

The plot in Fig. 8 shows that decreasing the parasitic resistance can significantly
increase the unloaded quality factor as described in Section 3. While there is wide
variation in loss for the 8 and 12 tether devices, both are significantly worse than
the 16 tether devices. This highlights the important role parasitic resistance can
have in determining resonator performance.

To mitigate the effect of parasitic resistance on quality factor and loss, gold was
laced on a resonator to reduce the parasitic resistance due to the top electrode.
Figure 9a and b show micrographs of the standard resonator and the gold-laced
resonator, respectively. The gold-laced resonator in Fig. 9b showed significant
improvement in performance compared to the standard resonator in Fig. 9a.
Specifically, the gold-lacing reduced the 50-ohm terminated insertion loss from
7.11dB to 1.73 dB and improved the unloaded quality factor of the resonator
circuit, Quic, from 735 to 2663. Figure 10 shows the |S21| response of the two
resonators, where the improvement in insertion loss is readily apparent. The quality
factor improvement is not as obvious because the lower loss resonator is loaded
more by the termination. It is important to note that the gold-laced resonator has
nearly identical coupling, ke, and a lower Qm due to the added low-Q gold.
Accordingly, while the resonator performance (insertion loss, unloaded quality
factor, etc.) has been improved, the resonator figure of merit, ke Qm, is actually
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lower for the gold-laced resonator (22.1 vs. 14.4). The frequency offset between
the resonators is attributed to the added mass of the gold on the structure.

Fig.9 (a) Standard resonator with high parasitic resistance in tethers. (b) Gold-laced
resonator otherwise identical to (a).%

k2= f\ e Standard
Gold Laced T

-10¢+

-15¢t

S,/ [dB]

-20¢t

-25¢t

.
ot

0 — : :
10.5 10.6 10.7 10.8 10.9
Frequency [MHz]

Fig. 10 Scattering parameter (|S,,|) for the standard resonator (Fig. 9a) and gold-laced

resonator (Fig. 9b) showing improvement in insertion loss (7.11 dB - 1.73 dB) unloaded
circuit quality factor (735 - 2663).%

On a different gold-laced resonator, an unloaded circuit quality factor of 6220 and
50-ohm terminated insertion loss of 4.9 dB was demonstrated when the resonator
was operated at a high-bias field to limit ferroelectric domain wall motion and
reduce mechanical loss. The |S2i| response of this high-Q resonator and its
companion unlaced resonator (insertion loss = 9.5 dB, QuLc = 3270) is plotted in
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Fig. 11. It is again important to stress that this improvement in measured Quic is
not due in any way to the mechanical or electromechanical response of the resonator
but merely the difference in parasitic electrical resistance in each of the devices.
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Fig. 11  Scattering parameter (|S,,|) for the standard resonator (Fig. 9a) and gold-laced

resonator (Fig. 9b) at higher bias to decrease coupling showing improved unloaded circuit
quality factor (3270 - 6220)%

While parasitic resistance is important in resonator design, optimal designing for
direct 50-ohm termination is also important, especially for reducing reflection. One
advantage of PZT as a piezoelectric transduction material in HF and VHF
resonators is the compact size of direct 50-ohm terminated designs without the need
for matching, primarily due to the large permittivity of the PZT. Changing the width
of resonators (where width is orthogonal to the direction of wave propagation)
modifies the shunt impedance, which for this case is optimally near 50 ohm. To
demonstrate this effect, a number of two-port resonators with varied width were
fabricated and characterized. The insertion loss and shunt impedance for each width
are plotted in Fig. 12.
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Fig. 12 The scatter plot of measured results from a cross-wafer study shows length extension
resonators with shunt impedance near 50 ohm have the lowest loss

The trend of insertion loss as a function of shunt impedance in Fig. 12 highlights
the importance of optimal design. From this plot it is clear that devices with shunt
impedance near 50 ohm show the lowest loss, which is attributed to the close match
to the optimal shunt impedance of each port. This is important to note because
motional resistance, which also contributes to insertion loss, decreases with lower
shunt impedance. As the shunt impedance decreases below 50 ohm, however, the
benefit of lower motional resistance is countered by the reactance mismatch of
shunt impedance.

While these individual resonators can achieve low insertion loss, the out-of-band
rejection can be relatively poor, largely due to spurious resonance modes. In order
to improve rejection, these resonators can be arranged in a self-coupled topology.*
Figure 13 displays the wideband measured |S21| response of a PZT-on-silicon self-
coupled two-pole filter at 10.8 MHz.
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Fig. 13 Measured |S,| response of a 10.8-MHz PZT-on-Si two-pole intermediate frequency
filter®

This plot shows the wideband response with multiple out-of-band spurs with
amplitudes smaller than =50 dB. It can be seen from the narrow sweep plot that the
roll-off of 2.1 dB/kHz is relatively steep and the ultimate attenuation is 60 dB. In
order to compare this filter to commercial components, Table 1 lists the
performance of this filter as well as similar low-frequency commercially available
acoustic filters, including monolithic quartz, SAW, and ceramic technologies.®*

Tablel  Comparison of PZT MEMS filter results with commercially available acoustic

filters®
Filter No. Frequency Bandwidth Insertion Roll-off Ultlmate Term. Component Max. input
technology poles  (MH2) (%) loss (dB/kH?Z) attenuation (dB)  imp. size power
(dB) (1.5 MHz) (9)) (mm3) (dBm)
This work 2 10.8 0.04 9 21 60 50 5.2 13
Monolithic Quartz 2 10.7 0.07 1.5 1.1 35 1800 587.3 -10
Ceramic 10.7 1.03 9 0.2 30 330 339.0
SAW . 43.8 6.86 14.8 0.04 42 2000 826.1 27

The PZT-on-silicon filter without external impedance matching performs well
compared to commercial technologies, though component size is where this work
provides the largest value. Quartz has lower loss, and because of the lower loss, the
bandwidth is increased because of external loading. SAW exhibits higher power
handling; however, this is at a higher frequency, which usually enables better power
handling. The performance listed for the commercially available filters is for the
case of external impedance matching while the PZT MEMS filter is directly
terminated to 50 ohms. The component size listed accounts for the size of the
required discrete matching elements for the commercially available filters and the
input and output bias tees for the PZT MEMS filter (assumes 0402 size
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components). While the performance of the PZT-on-silicon two-pole intermediate
frequency filter meets the requirements of the intended application at a dramatically
smaller size compared to commercial parts, the resonators in this filter exhibited
significant parasitic resistance, degrading the quality factor and insertion loss of the
device as described in Section 3. Since the two resonators are cascaded, the parasitic
resistance of each resonator degrades the overall filter performance. It is therefore
expected that when this resistance is mitigated, insertion loss will drop to 3.5 dB or
less and roll-off will increase to 2.8 dB/kHz.

While the performance of these PZT MEMS resonators and filters compares well
with commercial parts, especially if parasitic resistance can be mitigated,
significant variation in performance can be observed from device to device and die
to die. Figure 14 plots the extracted motional resistance and mechanical quality
factor for identical devices on the same die for four different die on a single wafer.

160

140 Die 1
Die 2

120 )
Die 3

100 Die 4
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40

20

0 500 1000 1500 2000 2500 3000 3500
Mechanical Q

Fig. 14 The scatter plot of measured results from identical devices in a cross-wafer study
shows a wide variation in quality factor even within a die. The variations in es.f across this
wafer result in the distinct motional resistance vs. Q trend lines.

From this plot, it is clear that there can be a wide variation in mechanical quality
factor on the same die. The source of this variation is not easily identifiable,
especially since understanding and modeling sources of loss in resonators is a
subject of much ongoing research.>>* Another important observation is that there
is significant die-to-die variability in the motional resistance trend curves. It has
been shown that for length extensional resonators, the motional resistance is
inversely proportional to the mechanical quality factor and the square of the
piezoelectric stress constant, esi, assuming identical material and geometric
properties.'® Because the resonators are designed identically, the different trend
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curves represent different piezoelectric stress constants across the wafer. While the
spread in es1 within each die appears quite low, the spread across the wafer could
prove problematic. More must be done to understand and eliminate this cross-wafer
nonuniformity.

4.2 Disk Flexure Resonators

Disk flexure resonators, which can exhibit benefits over length extension
resonators, were fabricated and tested in air using a 50-ohm terminated network
analyzer. The Sz1 response is plotted in Fig. 15 showing a peak |Sz1| of =1 dB. The
motional properties of the device were extracted and result in a motional resistance
of 9 ohm, an effective coupling factor, ker?, of 2.1%, and a mechanical quality
factor, Qm, of 815.
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=
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_25 1 1 1 1 1
20 22 24 26 28 30
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Fig. 15 The 50-ohm terminated |S,,| response has a peak of -1 dB with a bandwidth of

1.10%. The extracted coupling factor is 2.1%, and the extracted mechanical quality factor is
815 resulting in a figure of merit (FOM) of 17.2.%2

Frequency splitting, which can be observed in the zoomed plot in Fig. 15, is
attributed to the offset in frequencies of some of the resonators in the array, and is
currently being investigated further. Due to this frequency splitting in the array the
bandwidth is slightly elevated, as is ket?, which is determined from fitting the
motional and shunt capacitances. The resonator figure of merit (FOM), Kef®*Qm, for
this device is 16.9. A similar disk flexure resonator in PZT on 4-um-thick SOI
exhibited a coupling factor over 5%, though with a lower quality factor.

Power handing was measured on a similar disk flexure resonator, and 1-dB
compression was not observed up to the +15 dBm supply limit on the network
analyzer. Very little deviation in behavior is observed up to +5 dBm. This large
power handling is in part related to the additional material from the silicon device
layer. With more mass, the resonator can store more energy before nonlinear effects
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dominate the response. All other measurements recorded in this report were taken
at =15 dBm sourced from the network analyzer.

4.3 Comparison of Monolithically Integrated Resonators

These disk flexure resonators were monolithically integrated with the previously
described narrow, low-loss length extension resonators. Table 2 compares an 11-
MHz length extension and a 22-MHz disk flexure resonator from the same wafer
die. The disk resonator exhibits 4 times higher coupling factor compared to the
length extension device, while the length extension resonator has a 3.75 times
higher quality factor and 5.5 times narrower bandwidth. Figure 16 shows these
devices plotted together, normalized by center frequency, highlighting the
significant difference in bandwidth and roll-off of the two resonators, while
maintaining similar insertion loss. The cutout of Fig. 16 is a micrograph of the two
resonators directly adjacent to one another on the wafer die.

These disk flexure and length extension resonators fabricated on the same die and
were not subjected to specialized release etches. In this case, on the same die one
can trade coupling for quality factor while maintaining insertion loss, FOM, and
motional resistance. Beyond this discrete design-based flexibility, the responses of
each of these resonators are tunable due to the ferroelectric nature of the PZT active
material, further enabling RF system agility and flexibility.

Table2  Comparison of length extension and disk flexure resonators from the same PZT-
on-SOI Die??

Performance metric Leng_th Disk
extension®  flexure?
Intrinsic loss 1.58 dB 0.92 dB
Effegtlve resonatog 0.48% 209%
coupling factor (Ket)
Mechanical quality
factor (Qn) 3000 815
Resonator figure of
merit (ket? - Or) 144 16.9
3-dB bandwidth % 0.20% 1.10%
Motional resistance 16 ohm 9 ohm
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Fig. 16 The 50-ohm terminated |S,,| response of the disk flexure and length extension

resonator are plotted atop one another showing the varied performance of the two resonators
fabricated on the same die?

5. Conclusions

This report highlights recent work in developing PZT-based resonators and RF
filters at HF and VHF frequencies. Of note is the importance of parasitic resistance
in resonators, proper sizing of shunt capacitances, and high-performance flexural
mode resonators monolithically integrated with length extension resonators.

Parasitic resistance is an important parameter in resonators and has great
significance when examining low motional impedance resonators. Resonators
presented in this report showed dramatic improvement in insertion loss
(IL 7.11 dB->1.73 dB) and quality factor (QuLc 735>2663), simply due to
reducing parasitic resistance. Reducing parasitic resistance may substantially
improve insertion loss compared to improving resonator FOM depending on the
resonator. As higher-coupling materials, such as PZT and LN, become more
prominent, and high-coupling modes, such as Lamé and flexure, continue to be
explored, the parasitic resistance of electromechanical MEMS resonators will
become more important. Because it can have such a significant effect on
performance, these values should be extracted and reported, not neglected or
calibrated out.

Flexure modes, which are not commonly explored in MEMS, have potential to offer
large coupling factors with reasonable quality factors. These disk flexure two-port
resonators exhibited lower loss than length extension resonators on the same wafer.
Because flexure modes can exhibit large coupling and lower loss than the widely
used length extension mode, additional exploration of these modes is warranted.
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Even if not for use as intended resonant modes, then certainly for reduction of
spurious modes, which become important when material coupling factors are large.

Both disk flexure and length extension resonators can be fabricated together, enabling
high quality factor resonators and high coupling factor resonators monolithically
integrated. Because the resonance frequencies of these filters are defined by lateral
dimensions, this monolithic integration can enable monolithic filter banks that span
a range of frequencies as well as provide varied coupling factor and quality factor
according to design. This flexibility could be especially useful for future
communication systems as more filters are required to fit in smaller volumes.
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List of Symbols, Abbreviations, and Acronyms

AIN
ALD
BVvD
FOM
HF

LN
mBVD
MEMS
PZT
RF
SAW
SOl
VHF
ZnO

aluminum nitride

atomic layer deposition
Butterworth Van Dyke

figure of merit

high frequency

lithium niobate

modified Butterworth VVan Dyke
microelectromechanical system
lead zirconate titanate

radio frequency

surface acoustic wave
silicon-on-insulator

very high frequency

zinc oxide
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