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Super-High-Frequency Two-Port AIN Contour-Mode Resonators for RF
Applications

Abstract

This paper reports on the design and experimental verification of a new class of thin-film (250 nm) superhigh-
frequency laterally-vibrating piezoelectric microelectromechanical (MEMS) resonators suitable for the
fabrication of narrow-band MEMS filters operating at frequencies above 3 GHz. The device dimensions have
been opportunely scaled both in the lateral and vertical dimensions to excite a contourextensional mode of
vibration in nanofeatures of an ultra-thin (250 nm) AIN film. In this first demonstration, 2-port resonators
vibrating up to 4.5 GHz have been fabricated on the same die and attained electromechanical coupling, kt*2,
in excess of 1.5%. These devices are employed to synthesize the highest frequency MEMS filter (3.7 GHz)
based on AIN contour-mode resonator technology ever reported.
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Super-High-Frequency Two-Port AIN
Contour-Mode Resonators for RF
Applications

Matteo Rinaldi, Student Member, IEEE, Chiara Zuniga, Student Member, IEEE,
Chengjie Zuo, Student Member, IEEE, and Gianluca Piazza, Member, IEEE

Abstract—This paper reports on the design and experimen-
tal verification of a new class of thin-film (250 nm) super-
high-frequency laterally-vibrating piezoelectric microelectro-
mechanical (MEMS) resonators suitable for the fabrication
of narrow-band MEMS filters operating at frequencies above
3 GHz. The device dimensions have been opportunely scaled
both in the lateral and vertical dimensions to excite a contour-
extensional mode of vibration in nanofeatures of an ultra-thin
(250 nm) AIN film. In this first demonstration, 2-port resona-
tors vibrating up to 4.5 GHz have been fabricated on the same
die and attained electromechanical coupling, k2, in excess of
1.5%. These devices are employed to synthesize the highest
frequency MEMS filter (3.7 GHz) based on AIN contour-mode
resonator technology ever reported.

I. INTRODUCTION

IN recent years, the use of micro- and nanoelectrome-
chanical (MEMS/NEMS) resonators for RF applica-
tions has been widely explored. The development of com-
pact, low cost, high-performance resonators is meant to
respond to the growing demand of single-chip, multi-band
RF solutions for advanced wireless communication sys-
tems. In addition, considering the rapid extension of wire-
less networks in the super-high-frequency (SHF) band, for
example 3.6 GHz (802.11y) and 5 GHz (802.11a), the need
for resonators operating in the SHF band is steadily grow-
ing. In this context, the scaling of MEMS/NEMS devices
in the SHF band can have a tremendous impact because it
will enable the fabrication of high-performance frequency
control devices that, thanks to their compact form factor
and IC integration capability, can be employed instead
of cumbersome and unintegrable SAW devices, in next
generation RF front-ends. In particular the fabrication of
high-performance SHF channel-selector filters enables the
implementation of receiver architectures capable of direct
conversion at SHF with additional benefits in terms of
complexity, cost, and power consumption.

Different MEMS resonator technologies based on elec-
trostatic [1], [2] or piezoelectric [3], [4] transduction have
been investigated. Among these, the AIN contour-mode
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resonator (CMR) technology [3], [5] has emerged as one of
the most promising solutions in enabling the fabrication
of multiple frequency and high performance resonators on
the same silicon chip. In fact, the CMR technology can
combine in a single device many important features that
characterize existing resonators (Fig. 1). The piezoelectric
transduction enables simultaneous frequency scaling of
the device and its direct interface to 50-€2 electronics. This
is an extremely important advantage for RF applications
(no matching networks with associated insertion losses are
required) and it is not easily achievable with electrostati-
cally-transduced resonators, for which frequency scaling is
generally associated with an increase in the device imped-
ance [6]. Even if an improved device impedance at higher
frequency of operation was demonstrated using internal
dielectric transduction [2], the values of the device imped-
ance were still considerably high. In addition, the CMR
technology has the same advantages of thin film bulk
acoustic resonators (FBAR) over SAW devices in terms
of miniaturization and IC integration capabilities. Filters
exhibiting SHF and relatively large bandwidth (3%) uti-
lizing FBARs have been demonstrated [7], [8]. In contrast
to FBAR, the CMR technology enables the fabrication of
multiple frequencies of operation on the same silicon chip.
This feature is crucial for advanced wireless communica-
tion systems, for which single-chip, multi-band RF solu-
tions are becoming the dominant trend.
High-performance AIN CMR devices in the very- and
ultra-high-frequency (VHF-UHF) bands with quality fac-
tors between 1,000 and 4,000 have been previously dem-
onstrated [5], [11]. Nevertheless, the capability of this
technology to operate in the SHF band has not been
extensively explored to date. Although one-port NEMS
laterally-vibrating AIN resonators based on lateral field
excitation (LFE) have been recently demonstrated by our
group [12], the unconventional electrode configuration of
those devices (bottom electrode not necessary for LFE)
prevented the nanoresonators from being easily configured
as 2-port networks, and hence fabrication of narrow-band
filters. In this work, the thickness field excitation (TFE)
CMR design is introduced to expand the frequency of op-
eration of this technology in the SHF band to synthesize
filters for emerging high-frequency wireless standards. The
device dimensions have been scaled both in the lateral
and vertical directions and a TFE scheme has been em-
ployed to excite a higher-order contour-extensional mode
of vibration in nano-features of an ultra-thin (250 nm)

0885-3010/$25.00 © 2010 IEEE
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Interface to 500 Electronics

Multiple
Frequencies

Fig. 1. Comparison diagram between contour-mode resonators (CMR)
and other resonator technologies [1], [2], [7], [9], [10]. The diagram high-
lights the most important features of modern resonant devices for filter-

ing applications. &§

AIN film up to 4.5 GHz. A 2-port configuration has been
implemented for the resonators presented here and the
highest frequency (3.7 GHz) filter based on self-coupled
AIN CMRs [11] was synthesized by simply electrically cas-
cading 2 resonator stages.

II. DESIGN

A conventional CMR is composed of an AIN film sand-
wiched between 2 metal electrodes (Fig. 2). When an AC
signal is applied across the thickness (T') of the device a
contour-extensional mode of vibration is excited through
the equivalent ds; piezoelectric coefficient of AIN. Given
the equivalent mass density, poq, and Young’s modulus,
E.q, of the material stack that forms the resonator, the
center frequency, f, of this laterally vibrating mechanical
structure, is set by the width, W, of the AIN plate and can

be expressed as [13]:

L B

o= wow

(1)

The other 2 geometrical dimensions, length, L, and
thickness, T, can be independently selected to set the
resonator electrical capacitance, (), and its motional re-
sistance, R, [3], as:

(2)

C() O(T

To scale the resonance frequency, f,, above 3 GHz (SHF
band), the width, W, needs to be reduced below ~1.2 pm
(the exact value depends upon FE,, and p., and therefore
the thickness and material properties of the AIN/metal

I E

€ W >
Fig. 2. Schematic representation of a contour-mode resonator with over-
lapped 2-D finite element modeling simulation of the device total dis-
placement at resonance. “

stack). The reduction in width causes a considerable de-
crease in the device capacitance, Cj, to the point that
its value can fall below the parasitic capacitance of the
supporting substrate (silicon in this case). These parasit-
ics negatively affect the electrical response of the device
and can completely mask the device output signal. There-
fore, scaling of the device resonance frequency into the
SHF band is constrained by the need to keep the value of
Cy above the parasitic capacitances and simultaneously
occupying a small form factor. Specific scaling rules as
illustrated in the following section should therefore be fol-
lowed.

A. Scaling Rules

To attain higher frequency of operation, W needs to be
made smaller. At the same time, taking into account the
constraints on (), the surface area of the CMR needs to
be increased and its thickness reduced (2). For this pur-
pose, the following criteria are proposed as guidelines for
scaling the AIN CMR into the SHF range:

e Mechanically couple a large number, n, of sub-reso-
nators whose width, W, has been scaled to operate in
the SHF band [Fig. 3(b)]. In this way a higher-order
mode of vibration is excited in the AIN plate (f; is set
by W), but the capacitance of the device is n times
larger (total width equal to n - W).

e Reduce the thickness, T, of the AIN film [Fig. 3(c)].
This is extremely important to further increase the
device capacitance while simultaneously keeping small
the effective area occupied by the device.

e Reduce the length, L, of the resonator [Fig. 3(d)] to
avoid loading the quality factor of the device with the
electrical resistance of the metal electrodes. The re-
duction in the length of the electrode compensates for
the increase in resistance associated with the scaling
of the electrode width.

The devices presented in this work were designed in
accordance to these design rules to operate at frequencies
above 3 GHz. A 2-port configuration was chosen, because
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W (a)
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Fig. 3. Schematic representation of the contour-mode resonator scaling
to super high frequency: (a) scaling of the width to increase the frequen-
¢y, (b) mechanical coupling of a large number of scaled sub-resonators to
increase the device capacitance, (c) reduction of the AIN film thickness
to increase capacitance and reduce device form factor, (d) reduction
of the device length to compensate for increase in electrode resistance
caused by scaling of the width. a
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it enables the synthesis of narrow-band filters by simply
electrically cascading 2 resonator stages.

B. SHF Two-Port AIN CMR Design

The SHF 2-port AIN CMR resonator (Fig. 4) of this
work consists of an ultra-thin (250 nm) AIN film sand-
wiched between bottom Pt (50 nm) and top Au (100 nm)
electrodes. The bottom Pt is a single electrode connected
to electrical ground, and the top Au layer (chosen for its
very low resistivity) is patterned in n parallel electrodes
whose width varies between 0.4 and 0.7 pm depending
upon the desired frequency of operation.

A number n;, of the top Au electrodes are connected
to form the input port and the remaining (n,,) are used
to form the output port. The frequency setting width,
W, of the sub-resonators forming the electromechanical
structure was varied between 0.7 and 1.2 pm to achieve
resonance frequencies between 3 and 4.5 GHz. The num-
ber, n, of mechanically coupled sub-resonators was varied
between 37 and 67 and the device length, L, was fixed to
17 pm.

The equivalent electrical model of the 2-port AIN CMR
is shown in Fig. 5. All the equivalent electrical parameters
can be expressed as a function of the resonator capaci-
tance, C,, the frequency of operation, w,, the electrome-
chanical coupling, k2, and quality factor, @ [14]. These
relations are explicity expressed as

WL
Co=Coin+Coout = nin + nout)‘gOE?B?
2
T 1 2
Ry=——r—; Cm:—QCOkt2 (3)
2 woCokiQ ™
2
™ 1
Lm == Wy = 21f,,
2 A0 k2 0 fo

where ¢ is the free space permittivity and 33 the AIN
permittivity. The device capacitance is modeled as a par-

[ P

Fig. 4. Schematic representation of the designed super-high-frequency
2-port contour-mode resonator. The inset shows a finite element model-
ing simulation of the device 2-D total displacement: when an ac signal
is applied to the input port, the electric field across the thickness of the
AIN causes an in-plane deformation of the structure through the equiva-
lent ds; piezoelectric coefficient and excites the resonator in a contour-
extensional mode of vibration (it vibrates along its width, W). Because
of the direct piezoelectric effect, charge is generated and collected by the
sensing electrodes (output port). &%

1
1

Rn Lm

Cm
]
1

_]. |

. SR B
|

i O
co,out'|' Rp cpT
y y Q0

Fig. 5. Equivalent electrical circuit for the 2-port AIN contour-mode res-
onator. C}, and R, are parasitic components due to the substrate. a

allel plate capacitor and it does not take into account
fringing field effects.

C. SHF Narrow-Band CMR Filter Design

The configuration of the CMR device as a 2-port net-
work enabled the direct synthesis of the first prototype of
SHF filters based on CMR technology. For this purpose,
2 resonator stages were electrically cascaded in series to
form narrow band filters operating up to 3.7 GHz.

The coupling technique is based on the use of the in-
trinsic capacitance of a 2-port device and permits the
definition of band pass filters by simply employing same
frequency resonators [11]. This is different from conven-
tional ladder configurations [15], which require 2 different
frequency devices and have an associated negative impact
on filter yields.

The equivalent electrical model of the second order fil-
ter based on self-coupled AIN CMRs is shown in Fig. 6.

According to (3), the electromechanical coupling, k2,
sets the value of the motional capacitance, C,,, given the
geometrical capacitance, Cj, of the device. The parasitic
capacitance in parallel with the input and output ports of
the CMRs modify the ratio between motional and electri-
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Fig. 6. Equivalent electrical circuit for the second order filter based on
self-coupled AIN contour-mode resonators. G, Cpo, Ry, are the parasitic
component in parallel with the input and output ports of the device;
C; is the parasitic feed-through capacitance between input and output

ports. £
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Fig. 7. Analytical simulation of the insertion loss of the second-order
contour-mode resonator filter for different values of k2 and Q. S

cal capacitance of the resonators and reduces the effective
electromechanical coupling of the system according to

2

i c

kferr = ——"—. 4
t,eff 2 00 + Op ( )

The decrease in the effective electromechanical coupling

reduces the bandwidth of the filter accordingly:

[ 2C c 2
BWap ~ J1+—2  —la—2 = = 2.
3dB Co+0p Co+0p iy i,eff

The insertion loss of the filter is also affected by the val-
ue of the effective electromechanical coupling. In fact, only
the fraction of the input electrical signal that is not lost
in the parasitic components is converted into mechanical
vibration by the CMR transducer. This physical behavior
is highlighted by the analytical simulation shown in Fig.
7, in which the insertion loss of the system is plotted as a
function of k2 and Q. As can be seen from the plot, the k2
plays a significant role in setting the filter insertion loss.

These points further justify the need to maintain the
value of the device capacitance, (f, well above the parasit-

(e)

Bsi HBert BAN Au

Fig. 8. Four-mask post-CMOS compatible fabrication process: (a) sput-
ter-deposition of Pt and of the ultra-thin (250 nm) AIN film on high
resistivity Si substrate, (b) open vias in AIN to access the bottom elec-
trode, (c) dry etching of AIN in Cl, based chemestry, (d) patterning of
the top Au electrode by electron-beam lithography and lift-off, (e) XeF,
dry release of the AIN resonator. “

ics when scaling the device to higher frequencies of opera-
tion.

III. FABRICATION PROCESS

The devices presented in this work were fabricated com-
bining optical and electron-beam lithography techniques.
A 4-mask post-CMOS compatible fabrication process was
employed (Fig. 8).

The platinum (Pt) bottom electrode was first patterned
by lift-off on top of a high resistivity silicon wafer. The ul-
tra-thin (250 nm) AIN film was sputtered deposited using
a Tegal Endeavor tool (Tegal Corp., Petaluma, CA) and
its quality was optimized to achieve rocking curve values
as good as 2.1° (equivalent to what has been obtained in
micron-size devices). The optimization was conducted in
collaboration with Tegal Corporation. Vias to the bottom
electrode pads were opened in the thin AIN film by wet
etching in phosphoric acid (H3PO,). Optical lithography
was performed for the definition of both the top electrode
contact pads and the alignment marks for the subsequent
electron-beam lithography step. The in-plane dimensions
of the resonators were defined by dry etching of the ultra-
thin AIN film in Cly-based chemistry using photoresist
as a mask. The top gold electrode pattern was defined
by electron-beam lithography and lift-off. The device was
released from the silicon substrate by isotropic dry etch-
ing in XeFs.

It is worth noting that, although electron-beam lithog-
raphy was employed, the minimum lithographic features
(400 nm) used to make these devices can also be defined
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f,=3.5 GHz
W=1000 nm; n= 47

f,=4.5 GHz
W=700 nm; n=67

(b)

Fig. 9. Scanning electron micrographs of the fabricated 3.5-GHz (a) and
4.5-GHz (b) 2-port contour-mode resonators. The metallization ratio
(ratio of metal electrode to AIN surface) is 50% for the 3.5-GHz device
and 75% for the 4.5-GHz device. &§

by state-of-the-art optical lithography used in CMOS
foundries.

The scanning electron micrographs of 2 of the fabri-
cated devices are shown in Fig. 9. The highest frequency
of operation, 4.5 GHz, is achieved by scaling the width of
each sub-resonator to 700 nm.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The fabricated devices were tested in an RF probe sta-
tion and the scattering parameters were measured by an
Agilent N5230A network analyzer (Agilent Technologies,
Santa Clara, CA) after performing a short-open-load-
through (SOLT) calibration on a reference substrate.

A. SHF 2-Port CMRs

The measured electrical responses of the SHF 2-port
CMRs were fitted to the equivalent electrical circuit in
Fig. 5 and both the experimental and fitted curves are
shown in Fig. 10. The values of the parasitic components,
C, and R, were measured by means of de-embedding
structures fabricated on the same silicon chip. The quality
factor, @, and the intrinsic electromechanical coupling,
k2, of the resonators were extracted according to (3).

It is important to note that an f- @ product as high
as 1.7 - 102 Hz has been measured. This value is ap-
proximately one order of magnitude greater than the one
measured for lower frequency 2-port CMRs [11]. Regard-

'5 v L3 L] - L} -
1 ==Experimental 1
.10.: - =Fitting fy=3.459 GHz :
A15- Q=501 -
-20- k’=1.85% 1

'45 v T L] » L -

25 3.0 3.5 4.0 4.5
Frequency [GHz]
(2)
“109— Experimental ]
-154 == Fitting -
20+

m -254 .
2 -
— -30+ y
0 fy=~4.543 GHz 4
1 o-as6 ]
404 QT - .
4] K133% :

-50 v L} b 1 ] o L .

35 4.0 4.5 5.0 5.5
Frequency [GHz]

(b)
Fig. 10. Experimental response and equivalent model fitting of the
fabricated 3.5-GHz (a) and 4.5-GHz (b) 2-port contour-mode reson-

ators. a

TABLE I. DIMENSIONS AND EXTRACTED PARAMETERS OF
FABRICATED CONTOUR-MODE RESONATORS.

Frequency of n- W L

operation [GHz] k2 Q [m] [m]
3.04 1.5% 520 37 x 1.2 17
3.46 1.85% 500 47 x 1 17
4.54 1.3% 360 67 x 0.7 17

ing the k2 - @ product, a value as high as 9.3 has been
measured. This is at least 5 times higher than the one
reported by the same group for SHF lateral field excited
(LFE) NEMS resonators [12]. The higher k2 enables the
synthesis of narrow-band SHF filters.

A list of the fabricated CMRs operating above 3 GHz
along with the corresponding geometrical dimensions and
values of k2 and @ is reported in Table I.
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Fig. 11. Transmission responses for different input power level of the
fabricated 3-GHz AIN contour-mode resonator. The presence of bifurca-
tion is considered to be the point of maximum power handling for the
resonator. £

The power handling capability of the scaled CMRs was
also experimentally analyzed. The response of a fabricated
3-GHz resonator was measured for different values of the
input available power. The maximum value of available
input power before bifurcation [16] occurs (Fig. 11) was
estimated to be approximately 5 dBm. This experimental
value of maximum usable power is comparable to the one
reported for other devices only if opportunely scaled by
the actual value of the device input impedance (if different
from 50 €2) and divided by the volume of the mechanical
structure. By taking this into account, the current flow-
ing into device at resonance (for 5 dBm available power
at the input port) corresponds to a value of critical power
density of approximately 5.96 pW/(pm3). This value is
at least 20 times higher than the one measured for low
frequency CMRs, and shows another advantage of scaling
the CMRs to super high frequencies.

The temperature coefficient of frequency (TCF) of the
fabricated nano resonators was also measured and found
to be —43.7 ppm/°C. This value is higher than what is
encountered in equivalent MEMS devices [3]. This is due
to the effect of the top gold electrodes, whose thickness
(100 nm) becomes a considerable fraction of the AIN
(250 nm) film in the NEMS implementation [12].

B. SHF Second-Order Filters Based on AIN CMRs

The measured electrical responses of the fabricated
SHF narrow-band filters are shown in Fig. 12. The data
was fitted to the equivalent electrical circuit shown in Fig.
6. The values of the parasitic components were measured
by means of on-chip integrated de-embedding structures.
Note that the filter response of Fig. 12 also includes the
parasitics and no de-embedding was performed.
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Fig. 12. Experimental response and equivalent model fitting of the fab-
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coupled contour-mode resonators. @ and &2 values refer to the individual
resonators forming the filter. &

In these filters, the measured values of the device’s geo-
metrical capacitance and parasitics are comparable. This,
as explained in Section II, greatly reduces the effective
electrometrical coupling of the filters, therefore reducing
the device’s bandwidth and increasing its insertion loss.
To simulate the de-embedded response of the filter, the
measured parasitic capacitance, C,, was removed from the
equivalent circuit of the filter. In Fig. 13 the de-embed-
ded response of the 3-GHz filter is plotted for different
values of quality factor, @), and compared with the one
that includes parasitics. For the actual measured value of
the resonator @ (450) an improvement in insertion loss
of approximately 6 dB is observed for the de-embedded
response. At the same time, if the parasitic effects were
to be removed, the filter bandwidth would increase up to
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Fig. 13. De-embedded (k? = 1.4%) and as-fabricated (keq® = 0.8%)
insertion loss of the 3-GHz filter plotted for different values of quality

factor, Q. “

the value set by the intrinsic electromechanical coupling
of the fabricated CMRs according to (5). The improved
value of insertion loss (~6.5 dB) and wider bandwidth
could also be attained on the same silicon substrate by
simply making the device capacitance, Cy, larger and well
above the parasitic components. Additionally, the parasit-
ics can be further reduced by optimizing the configuration
of the test pads.

The power handling capability of the fabricated SHF
filters was experimentally characterized by measuring
their 1-dB compression point. A value of available power
of 6.4 dBm was recorded for the 1-dB compression of the
3.7-GHz filter (Fig. 14).

For low frequency CMR filters, with a volume at least
100 times greater than the one of the SHF devices pre-
sented here, a 1-dB compression point of 10 dBm was
measured [11]. This study shows that the SHF filters can
ultimately handle more power per unit volume and, if ap-
propriately sized, can withstand much higher power levels
than the devices at lower frequencies. This is a clear evi-
dence of the fact that the CMR technology can be advan-
tageously scaled to higher frequencies.

These devices represent the first prototype of SHF fil-
ters based on AIN CMRs. The filters’ performance can be
improved to a large extent by optimizing the resonator
in-plane geometry to increase the transducer capacitance
and by acting on the figure of merit, k& - @, of the de-
vice.

V. CONCLUSION

In this paper, the design, fabrication, and testing
of 2-port AIN CMRs operating in the SHF band up to
4.5 GHz was demonstrated. Design issues and scaling rules
to operate AIN CMRs above 3 GHz were introduced and
discussed. An ultra-thin (250 nm) AIN film was employed
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Fig. 14. Power handling measurement for the fabricated 3.7-GHz second-

order contour-mode resonator filter. The improvement in insertion loss
before the 1-dB compression is not yet understood. “

to fabricate SHF resonators with values of electromechan-
ical coupling, k2, in excess of 1.5% and f - Q product as
high as 1.7 - 1012 Hz. The effect of frequency scaling on
power handling was experimentally analyzed and a value
of critical power density of approximately 5.96 pW/(pm3)
was recorded for a fabricated 3-GHz CMR. This value
shows that at least one order of magnitude improvement
in power handling can be obtained by moving the CMR
technology from megahertz to gigahertz frequencies. The
capability of these devices to be employed for the fabri-
cation of narrow-band filters was proven by synthesizing
the highest frequency (3.7 GHz) 2nd-order filter based on
electrically self-coupled AIN contour-mode devices. The
importance of the k2 - @ product on the filter perfor-
mance (insertion loss and bandwidth) was analyzed and
the effect of parasitic components on the response of the
SHF filters was modeled. The demonstrated features and
the disclosed potentialities of the SHF-scaled CMR, tech-
nology suggest that it is an excellent candidate for the
implementation of compact, low-power, high-performance
RF components for radar communications and other SHF
wireless applications.
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