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A B S T R A C T

Surface acoustic wave (SAW) based devices have been developed in various fields such as for sensing
applications. Even more, SAWs are recently studied in interaction with quantum systems, requiring high
frequencies and high quality factors (Q factors). Here, we present single-port SAW resonators with resonance
frequency above 1GHz by depositing a layer of piezoelectric material with high phase velocity and designing
the fine structure of an interdigital transducer (IDT). In detail, we fabricate SAW resonators on a sputtered
aluminum nitride (AlN) layer with IDT finger size of 1 μm by photo-lithography. The devices are characterized
by a vector network analyzer, operating at a resonance frequency up to 1.229GHz with a quality factor Q
of 2535 in air. The Q factors are analyzed as equivalent-circuit elements, thus separating external (𝑄𝑒) and
internal (𝑄𝑖) quality factors. The analysis shows that the external quality factor 𝑄𝑒 can more straightforwardly
be tuned by design parameters than the internal quality factor 𝑄𝑖. The GHz resonance frequencies and internal
quality factors above 1000 can be achieved even without the use of electron beam lithography.
1. Introduction

Surface acoustic wave (SAW) resonators were conceived in the
early 1990s [1,2]. Such SAW resonators are formed by an interdigital
transducer (IDT) for signal transduction and acoustic wave reflectors
for spatially confining the SAWs. Different variants of SAW resonators
have been developed since their invention. A particularly important
design is the single-port resonator as schematically shown in Fig. 1.
A single-port SAW resonator comprises two reflectors and one IDT on
a piezoelectric substrate. The IDT is in most cases a periodic sequence
of metal electrodes with transverse width 𝑊 and an electrode width
of 𝑝. The ratio of the electrode width 𝑝 and the distance 𝑎 between
electrodes determines the metallization ratio which is commonly equal
to 0.5. The wavelength 𝜆 is determined by the period of the IDT fingers,
𝜆 = 2(𝑝 + 𝑎). Reflectors, distributed Bragg mirrors, are formed by large
arrays of metal strips. The distance between the arrays and the IDT is
𝑑𝑠. SAWs are excited by an AC voltage which is applied to one part of
IDT as shown in Fig. 1. When an electric field is generated between
adjacent electrodes with different electric potentials, the piezoelectric
effect creates a distortion of the piezoelectric material, and elastic
waves are generated that propagate into both transverse directions of
the IDT fingers [3]. On the other hand, the SAW is converted back into
an electrical signal by the inverse piezoelectric effect when an elastic
wave reflected by the mirror arrays reaches the IDT. If the electrode
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width of the reflector and the IDT are equal, the resonance frequency
of the resonator is given by

𝑓0 =
𝑣SAW
𝜆

, (1)

where the phase velocity of waves 𝑣SAW depends on the material in
which the SAW propagates.

Single-port SAW resonators are utilized in a variety of applications
like sensors for temperature, pressure, and gas [4,5]. Recently, hybrid
quantum systems emerged as a new application for SAW technology.
For example, it has been demonstrated that SAWs interact coherently
with various quantum systems such as qubits [6–9]. Quantum applica-
tions require high SAW frequencies above 1GHz. For such frequencies,
the thermal quantum ground state of SAW resonators can be reached in
modern cryostats. Besides, the quality factor (Q factor) of a resonator is
another important key parameter for quantum applications since it de-
termines the resonator’s decoherence rate. High-Q factor resonators for
quantum information processing have already been implemented using
microelectromechanical system (MEMS) technology [10–14]. Although
SAW resonators are fabricated using similar processes as silicon MEMS
resonators, reaching high Q factors in SAW resonators with gigahertz
frequencies remains challenging. Though SAW resonators with high-
quality factors (𝑄 >104) have been demonstrated in the hundreds
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Fig. 1. Schematic diagram of the single-port surface acoustic wave (SAW) resonator.
An IDT is in the center of the resonator, and reflectors are located symmetrically on
both sides. The main geometry parameters of the resonator are the electrode width 𝑝,
the spacing between the electrodes 𝑎, the transverse width of the electrodes 𝑊 , and
the distance between the IDT and the reflectors 𝑑𝑠. The length of a pair of IDT fingers
is the wavelength 𝜆 of the SAW. One part of the IDT is connected to the ground, and
the other part is connected to the AC signal.

of megahertz regimes on gallium arsenide (GaAs) [15] and in the
gigahertz regime on ST-X quartz at 10mK [16].

Sensor applications target the reduction of thermal noise in me-
chanical resonators for enhanced sensitivity. The thermal noise in a
resonator is given by its thermal energy 1

2𝑘𝐵𝑇 as stated by the equipar-
tition theorem. This implies that decreasing the temperature reduces
the thermal noise. Today, it is possible to reduce the temperature to
a regime where quantum effects become relevant. In the quantum
regime, the thermal energy is often characterized by the mean thermal
occupancy ⟨𝑛̂⟩ of the resonator. The dependency of the mean thermal
occupancy ⟨𝑛̂⟩ at the temperature 𝑇 and the resonance frequency 𝜔0 is
described by Bose–Einstein statistic

⟨𝑛̂⟩ =
[

exp
(

ℏ𝜔0
𝑘𝐵𝑇

)

− 1
]−1

, (2)

where Boltzmann’s constant 𝑘𝐵 is 1.381×10−23 m2 kg s−1 K−1. At room
temperature, a mean thermal occupancy ⟨𝑛̂⟩ below on requires reso-
nance frequencies in the terahertz regime. This is naturally achieved
for optical systems but not feasible for mechanical systems today.
However, Eq. (2) implies that a mean thermal occupancy ⟨𝑛̂⟩ below
one is also reached for resonance frequencies above 1GHz at a temper-
ature of 10mK which are routinely reached in modern cryostat [16].
Thus, GHz SAW resonators are attractive candidates for future sensing
applications with high sensitivity. Due to this outstanding feature, SAW
structures operating at GHz are targeted as integrated components of
a cantilevered sensor device offering reduced thermal noise levels such
as needed in atomic force microscopy applications. While these results
show that SAW resonators can be used in quantum applications, their
fabrication is challenging. In most proof-of-concept experiments, the
requirement of high SAW frequencies demands the use of advanced
fabrication methods like electron beam lithography. Such fabrication
methods are unsuitable for the mass production of devices and the
large-scale deployment of quantum technologies. SAW-based devices
fabricated using more established lithography processes like optical
photo-lithography are much more desired for real-world applications.

Eq. (1) reveals that high frequencies are achieved not only by
minimizing the SAW wavelength. Instead, a higher phase velocity also
yields a higher SAW frequency at a given wavelength. The minimum
wavelength is given by the lithography process while the phase velocity
is a property of the piezoelectric material. Piezoelectric materials that
are commonly used in quantum applications are for example zinc
oxide (ZnO) [17], lithium niobate LiNbO3 [18], ST-X quartz [16], or
gallium arsenide (GaAs) [15]. These materials exhibit phase velocities
2

between 2700 and 4000m s−1 [15,19,20]. A material with a higher
phase velocity of 5760m s−1 is aluminum nitride (AlN) [21]. This phase
velocity allows for reaching resonance frequencies above 1GHz in an
SAW resonator with SAW wavelengths of 4 μm. For such wavelengths,
the fabrication of the resonator’s IDT and Bragg mirrors does not
require electron beam lithography [22]. Another advantage of AlN is
that it is compatible with complementary metal–oxide–semiconductor
(CMOS) technology [23], making AlN suitable for fabrication processes
at semiconductor foundries. Much higher phase velocities such as above
6000m s−1 can be obtained by depositing AlN on high-performance
materials such as diamond [24], polyethylene naphthalate (PEN) [25],
and aluminiumoxid (Al2O3) [26]. In the latter studies, SAWs by using
standard photolithography are reported which are operated in the GHz
regime.

In this paper, SAW resonators are fabricated on LiNbO3 and AlN,
respectively, and the phase velocity of the two materials is obtained to
show that AlN is a suitable material for high-frequency resonators. We
exploit the high SAW phase velocity in AlN and successfully demon-
strate that AlN SAW resonators fabricated on pure silicon wafers using
standard optical photo-lithography reach resonance frequencies above
1GHz. Furthermore, we show that quality factors above 1000 are
achieved in air at room temperature.

2. Experimental methods

2.1. Fabrication

Fig. 2 shows the fabrication process for the SAW resonators. We start
from a pure high-resistivity silicon (Si) wafer with a bulk-resistivity
higher than 10 000Ω cm. We sputter-deposit an AlN layer on the Si
wafer at a chamber pressure of 2 μbar under pure nitrogen atmosphere
with a constant flow rate of 50 sccm, a plasma power of 800W, and a
substrate target distance of 65mm. These sputter deposition parameters
we used are such that AlN films can be deposited with a high degree
of 𝑐-axis orientation, as reported in [27]. The AlN thin film has a
thickness of 1 μm. AlN synthesized in a similar deposition process has
piezoelectric coefficients d33 of 3.15 pmV−1 and d31 of 1.28 pmV−1 at a
film thickness which is larger than 100 nm [28].

For patterning the IDT and the reflectors, we use a lift-off process
that is based on a negative resist (AZ5214) as a sacrificial layer. We
found that structuring small features down to 1 μm using conventional
optical photo-lithography requires a thin layer of photoresist with
a thickness of 650 nm. To achieve such a thin layer we dilute the
photoresist in PGMEA and spin-coat it on top of the AlN layer. Next,
we structure the photoresist layer by UV exposing it to the inverse
pattern of the IDT and the reflectors. We flood UV-expose the complete
resist film and develop it. On the developed film, we evaporate a
layer of aluminum (Al) with a thickness of 150 nm and a capping
layer of gold (Au) with a thickness of 10 nm to avoid oxidation of the
aluminum. Because of the low mass loading effect, the Al-electrodes
support high resonance frequency of an SAW [15,29,30]. We perform
a lift-off process for the Al and Au layer by dipping the wafer in acetone
and rinsing it. In the last step, the devices are separated with a wafer
saw.

A false-color scanning electron microscopy (SEM) image of an exam-
ple device fabricated using the described process is shown in Fig. 3(a).
The device has an area of 3.7mm by 2.0mm. The IDT (purple) with
20 electrode pairs is located in the center of the device. The reflectors
(green) are placed 500 μm away from the IDT and consist of 150 alu-
minum gratings. The smallest feature size we achieved with the process
described above is 1 μm. Fig. 3(b) zooms into the IDT demonstrating this
feature size as a homogeneous electrode width of 1 μm for all fingers in
the IDT. The electrode width corresponds to an SAW wavelength of
4 μm.
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Fig. 2. Schematics of the fabrication process for the SAW resonators. (a) Sputter-deposition of AlN on Si wafer. (b) Deposition of photoresist by using spin-coater. (c) Exposure
and development process by photo-lithography technology. (d) Metalization of Au/Al. (e) Lift-off by removing the photoresist layer. (f) Entire wafer after step (a)–(e). Chip dicing
process is needed.

Fig. 3. (a) Scanning electron microscopy (SEM) image of the fabricated SAW resonator in false color. The purple-colored IDT is located in the center of the device, with green-colored
reflectors placed on either side. The blue-colored pads are designed for coplanar waveguide (CPW) transmission line technology. The center pad is representing the signal path,
and the two pads on either side are connected to the ground. The device size is 3.7mm in width and 2mm in height. (b) Zoomed-in SEM image of the electrodes of IDT with a
size of electrode and spacing of 1 μm. (c) SEM image of the IDT in (a) with 20 pairs of electrodes. Additional electrodes are brought down from one busbar and connected to the
CPW line. (d) The placed SAW device on the PC-board and wire-bonding between the device and PC-board. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 4. (a) Simulated SAW mode with the colored map showing total displacement
at eigenfrequency of 1.24GHz. (b) Dependence of simulated phase velocity on the
thickness of the AlN layer. The wavelengths of SAWs 𝜆 are 4 and 32 μm.

2.2. Electrical characterization

We characterize the fabricated device with reflection measurements
using a vector network analyzer (VNA, Rohde & Schwarz ZVL-6). For
connecting the IDT port with the measurement setup, the device design
includes coplanar waveguides (CPW) with a characteristic impedance
of 50Ω as shown in Fig. 3(a) in blue. Fig. 3(c) shows how the IDT
and the CPW with pads are connected. The transducer has additional
electrodes from one busbar of the IDT for a better electrical signal to
ground pads. The structure of an ideal IDT is formed by two interlock-
ing electrodes with different electrical poles. As shown in Fig. 3(c),
the IDT has additional electrodes electrically connected to the ground,
rather than a structure in which only pairs of fingers with different
electrical poles are regularly arranged. This is because our IDT of the
SAW resonators has an asymmetric design and this may have caused a
loss in the connection path.

The CPW leads to aluminum electrode pads which are fabricated
in the same photo-lithography process steps as the IDT. The devices
are glued onto a custom-made printed circuit board (PCB) which is
connected to the devices by gold wire bonding as shown in Fig. 3(d).
The transmission lines on the PCB are designed for a characteristic
impedance of 50Ω and end in SubMiniature version A (SMA) connec-
tors for connecting to the VNA. The VNA and the cable with the SMA
connector were calibrated using a calibration kit (Rohde & Schwarz ZN-
Z135). We used a full one-port calibration as in the short-open-match
measurement for reflection measurements. With the VNA, we measure
the reflection coefficient 𝑆11 of the devices as a function of frequency
in air at room temperature.

3. Result and discussion

3.1. SAW phase velocity measurements

Eq. (1) contains two factors that affect the frequency 𝑓0 of the SAW.
The first is the wavelength 𝜆 of the SAW which is determined by the
electrode width 𝑝 of the IDT. The second is the phase velocity 𝑣SAW,
a parameter related to the material in which the SAW propagates. We
study the SAW phase velocities by performing finite element method
(FEM) simulations with COMSOL Multiphysics. The devices are then
fabricated and measured to ensure that it matches the simulated values.

The 2D geometry of FEM simulation is shown in Fig. 4(a). It
corresponds to the cross-section of the SAW device and comprises
a pair of IDT electrodes on the AlN layer that is arranged on a Si
substrate. The width of the 2D geometry is designed to match a single
wavelength 𝜆 of the SAW and the thickness of the Si layer is 350 μm,
which is the same as the Si wafer used. The width of each electrode
on the AlN layer corresponds to the width 𝑝 shown in Fig. 1. The
material of the electrodes is Al and their thickness is 150 nm. We assume
4

Fig. 5. (a) The magnitude of reflection coefficient S11 from manufactured SAW
resonator on LiNbO3 substrate and (b) on AlN/Si substrate.

periodic boundary conditions to approximate the behavior of an IDT
structure with a large number of electrode pairs. To determine the
resonance frequency 𝑓0, we perform an eigenfrequency analysis of the
FEM model for different thicknesses of the AlN layer. Inserting the
simulated eigenfrequencies into Eq. (1) together with the wavelength
𝜆, that is defined by the IDT electrode width 𝑝, gives the phase velocity
𝑣SAW.

To experimentally verify the simulated SAW phase velocity values,
we fabricate the SAW resonators and measure their resonance fre-
quency. We choose an electrode size for both IDT fingers and reflector
gratings of 𝑝 = 8μm to achieve resonance frequencies in the megahertz
regime while not working at the limits of the fabrication process. The
width of the resonators is 𝑊 = 1600 μm. The electrodes consist of a
150 nm thick layer of Al and a 10 nm capping layer of Au as described
above. We compare AlN with LiNbO3, which is another commonly used
piezoelectric material for SAW devices, by fabricating the resonators on
AlN and LiNbO3 substrates. The LiNbO3 substrate has a orientation of
128° Y-X cut with a thickness of 500 μm.

The resonance frequencies of the resonators are determined by the
frequency minimum in the measured magnitude of the 𝑆11 reflection
coefficient. Typical measurement results for both AlN and LiNbO3 are
shown in Fig. 5(a) and (b). The LiNbO3 resonators exhibit a pronounced
minima at 𝑓LiNbO3

= 122MHz with a depth of 1 dB. Besides the main
resonance, three additional minima of smaller depth are visible in the
𝑆11 spectrum. For the AlN resonators, the depth of the 𝑆11 is only
0.25 dB deep but it is still clearly visible. The minimum is located at
a frequency of 𝑓AlN = 161MHz. Using Eq. (1), we determine an SAW
phase velocity of 3904m s−1 for the LiNbO3 resonators and a phase
velocity of 5152m s−1 for the AlN resonators. In the FEM simulation,
a phase velocity of 4973m s−1 was obtained for an AlN/Si substrate as
shown in Fig. 4(b). We performed additional simulations for a LiNbO3
substrate and obtained simulated phase velocity of 3738m s−1 which is
in good agreement with the measured phase velocity. AlN has higher
phase velocities than LiNbO3 with the same wavelength of SAWs at
approximately 20 °C.

3.2. Thickness of the AlN layer

In a multilayered thin-film device, the SAW might propagate not
only in the top layer of the device but might also penetrate into the
materials arranged beneath the top layer. The phase velocities of the
AlN on the Si wafer are lower than the phase velocity of pure AlN as
5760m s−1 [21,26]. In this situation, the phase velocity differs from the
phase velocity in a device comprising only one material. We study this
dependency of the SAW phase velocity on the thickness of the AlN layer
by FEM simulations.

Fig. 4(b) shows the simulated phase velocities for different AlN layer
thicknesses between 0.1 μm and 2 μm. In the simulation, we consider
wavelengths 𝜆 of 4 μm and 32 μm to investigate two different resonance
frequencies. The wavelength of 32 μm results in a resonance frequency
of hundreds of megahertz while for the wavelength of 4 μm the res-
onance frequency is higher than 1GHz. For the wavelength of 4 μm,
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the phase velocity increases from 4807m s−1 at 0.5 μm to 5316m s−1 at
2.0 μm as the thickness of the AlN layer increases. In contrast, the phase
velocity for the wavelength of 32 μm is nearly independent of the AlN
thickness, and its value is approximately 5000m s−1. The reason for
this phase velocity is that the considered AlN thicknesses are relatively
small compared to the wavelength of 32 μm.

The simulation results indicate that a larger thickness of AlN in-
creases the SAW frequency, especially the wavelength of 4 μm. How-
ever, gigahertz frequencies are already reached at the AlN thickness
of 1 μm. An example is shown in Fig. 4(a) where the wavelength
is 4 μm and the AlN thickness is 1 μm. The color map indicates the
displacement of the SAW mode at 1.24GHz. The calculated phase
velocity is 4963m s−1. Larger thicknesses of AlN deposition yield higher
frequencies. However, the increase in frequencies is relatively small
and requires a longer sputter-deposition time. Therefore, we choose the
thickness of 1 μm in our fabrication process for devices with frequencies
above 1GHz.

3.3. Electrode width and resonance frequencies

The high SAW phase velocity on AlN substrates allows for the fabri-
cation of SAW resonators with larger resonance frequencies compared
to those with the same geometry parameters on other piezoelectric
substrates. We explore the resonance frequency range in AlN resonators
by fabricating resonators with different electrode width sizes of IDT
and reflectors. The fabricated resonator feature electrode widths of
8 μm, 4 μm, 3 μm, and 1 μm. These values correspond to SAW wavelength
of 32 μm, 16 μm, 12 μm, and 4 μm, respectively. The thickness of the
AlN layer is 1 μm for all resonators. The other design parameters are
described in Table 1.

The geometric parameters were considered and designed with pre-
viously reported SAW devices such as 𝑁𝑝 of between 10 to 200, 𝑁𝑔 of
100 or above, and 𝑊 of length longer than 50 times the wavelength
[6,15–17]. When the number of electrodes of the reflector 𝑁𝑔 is more
than 250, it is challenging to maintain the high geometrical precision
which is the pattern of repeated rod-shaped metal structure, especially
with a width of 1 μm, in the lift-off process. Thus, devices with more
than 250 electrodes were not designed.

Fig. 6(a)–(d) displays the magnitude (red) and the phase (blue) of
the measured complex 𝑆11 parameter as a function of frequency. All
plots are centered around the main resonance of the resonator. The
depth of the 𝑆11 minimum ranges from 0.1 dB to 2.1 dB. The 𝑆11 phase
shift on resonance never exceeds 30° indicating that the devices are
undercoupled to the VNA due to the small number of IDT fingers.

The measured resonance frequencies of the devices are 1.2287GHz,
0.421 98GHz, 0.319 63GHz, and 0.160 840GHz for wavelengths of 4 μm,
12 μm, 16 μm, and 32 μm, respectively. Fig. 6(e) shows that the measured
resonance frequencies and phase velocities agree well with simulations.
However, we find that for wavelengths above 𝜆 = 12 μm the error of
SAW phase velocity is about 3.30%. These values agree with other
theoretical predictions in literature [26]. Fig. 6(f) shows in principle
the same data as Fig. 6(e), but for Fig. 6(f) the measured frequency has
been converted into the corresponding phase velocities using Eq. (1).
Therefore, the differences between experimental and simulated data in
Fig. 6(f) are not larger than in Fig. 6(e). This impression might be due
to the changed scale of the y-axis between Fig. 6(e) and (f).

3.4. Quality factors

The quality factor of a resonator is another important key parameter
for various applications. We analyze the quality factor of the fabricated
resonators by assuming two dominating loss mechanisms such that the
total quality factor of the resonator is given by
1 = 1 + 1 . (3)
5

𝑄 𝑄𝑒 𝑄𝑖
Fig. 6. (a)–(d) Measured reflection coefficient 𝑆11 of SAW resonators on AlN layer of
1 μm with wavelength 𝜆 of (a) 32, (b) 16, (c) 12, (d) 4 μm. Red and blue circles are
the magnitude and phase of 𝑆11 respectively. (e)–(f) Dependence of (e) the resonance
frequency and (f) phase velocity on the wavelength of SAWs. Red squares and black
circles are the simulated and experimental data. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Geometrical parameters of four SAW resonators from Fig. 6: wavelength of an SAW 𝜆,
width of an IDT and grating electrodes 𝑝, number of IDT electrode pairs 𝑁𝑝, number
of grating electrodes 𝑁𝑔 , width of an transverse IDT-electrode 𝑊 , distance between
IDT and grating 𝑑𝑠.
𝜆 [μm] 𝑝 [μm] 𝑁𝑝 𝑁𝑔 𝑊 [μm] 𝑑𝑠 [μm] 𝑊 ∕𝜆 𝑑𝑠∕𝜆

32 8 20 250 1600 1000 50 31
16 4 70 250 1000 500 63 31
12 3 20 250 1000 500 83 42
4 1 50 250 280 500 70 125

The external quality factor 𝑄𝑒 is a measure of coupling efficiency
to external circuitry. The internal quality factor 𝑄𝑖 represents the
total energy losses in the resonator itself, such as grating or diffrac-
tion losses. To determine the internal and the external quality factors
from the measured 𝑆11 data, we model the single-port SAW resonator
with the Butterworth–Van Dyke (BVD) equivalent circuit model in a
transmission line with the characteristic impedance 𝑍0, as shown in
Fig. 7 [31,32]. The equivalent circuit compromise the parallel static
capacitance 𝐶𝑆 of the IDT, the motional resistance 𝑅𝑀 , the motional
inductance 𝐿𝑀 , and the motional capacitance 𝐶𝑀 .

The scattering parameter for a single-port network, the reflection
coefficient 𝑆11, can be calculated in terms of the impedances in Fig. 7
by the equation,

𝑆11 =
𝑍 −𝑍0
𝑍 +𝑍0

, (4)

where 𝑍 is the impedance of the resonator of the BVD model with a
port of impedance 𝑍0 [32]. In this model, the reflection coefficient 𝑆11
of Eq. (4) can be expressed in terms of the internal quality factor 𝑄𝑖
and the external quality factor 𝑄 as
𝑒
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Table 2
Benchmark of Qf product of the AlN-based resonators on silicon wafers.
Parameter [units] This work [26] [34] [35] [36]

Substrate [-] Si Si Si-SiO2-Si Si-SiO2-Si SiO2-Si
Resonance frequency 𝑓0 [MHz] 1229.2 700 496 208 427
Quality factor 𝑄 [-] 2535 1300 3800 6100 1400

Qf product (𝑓0 ×𝑄) [1012⋅Hz] 3.1 0.9 0.2 1.3 0.6
Fig. 7. The simple Butterworth–Van Dyke (BVD) equivalent circuit model of a
piezoelectric resonator in the transmission line of characteristic impedance 𝑍0 [31,32].
The BVD model consists of the static capacitance 𝐶𝑆 and the branch of the motional
resistance 𝑅𝑀 , the inductance 𝐿𝑀 , and the capacitance 𝐶𝑀 .

Fig. 8. Measured reflection coefficient 𝑆11 of the SAW resonator with the wavelength
of 4 μm in the gigahertz regime. Black and blue circles are the magnitude and phase of
𝑆11 respectively, and the solid line is the fitting curve from Eq. (5). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

𝑆11(𝑓 ) =
(𝑄𝑒 −𝑄𝑖)∕𝑄𝑒 + 𝑖(2𝑄𝑖(𝑓 − 𝑓0))∕𝑓0
(𝑄𝑒 +𝑄𝑖)∕𝑄𝑒 + 𝑖(2𝑄𝑖(𝑓 − 𝑓0))∕𝑓0

(5)

[15,16,32,33]. It should be noted that 𝑆11 in this equation is complex.
As a consequence, a fit of only the 𝑆11 magnitude does not suffice to
uniquely determine the internal and external quality factors. We thus
fit the magnitude and phase data at the same time.

Fig. 8 shows a typical example demonstrating the good agreement
between the fitted function and the measured data with the geometry
parameters, 𝑎 = 1 μm, 𝑊 = 280 μm, 𝑑𝑠 = 500 μm, 𝑁𝑝 = 50 and 𝑁𝑔 =
250 on a thin AlN film of 1 μm. Here, the resonance frequency 𝑓0 of
the resonator is 1.2292GHz, while the external Q factor 𝑄𝑒 is 7027 and
the internal Q factor 𝑄𝑖 is 3967. These values imply a 𝑓 ⋅ 𝑄 product
of 3.1160 × 1012 which is higher than the results of AlN-on-silicon
resonators in air reported in literature [26,34–36] as shown in Table 2.
The 𝑓 ⋅ 𝑄 product values of the four devices as a function of the
wavelength are shown in Fig. 9. Each of the four values is from the
devices shown in Fig. 6.

The internal and external quality factors can be tuned by the design
parameters of the resonators. Especially the number of IDT finger pairs
𝑁𝑝 and the number of gratings 𝑁𝑔 in the reflectors are key parameters
for the Q factors [3,15]. More specifically, the external Q factor 𝑄𝑒 is
given by
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Fig. 9. 𝑓 ⋅ 𝑄 product of the fabricated SAW resonators on AlN as a function of
wavelength 𝜆.

𝑄𝑒 =
𝐿𝑐

5.74𝑣0𝑍𝑐𝐶0 𝑊𝐾2𝑁𝑝
2

(6)

with effective resonator length 𝐿𝑐 , wave propagation speed 𝑣0, charac-
teristic impedance of the electrical port coupled to the IDT 𝑍𝑐 = 50Ω,
effective dielectric constant 𝐶0 and coupling coefficient 𝐾2 [3,15].
The effective dielectric constant 𝐶0 represents the capacitance per unit
length of a single finger pair. 𝐶0 is 0.50 pF cm−1 by calculating with
𝐶0 = 𝐾(𝜀AlN + 1) where the substrate dielectric constant 𝜀AlN and an
empirical value 𝐾 are 10 and 4.53, respectively [37,38]. The internal Q
factor 𝑄𝑖 is the result of different damping mechanisms like diffraction
losses, viscoelastic losses, or air damping. A major source of internal
damping is grating losses which are due to non-perfect reflection at the
grating reflectors. The Q factor 𝑄𝑔 corresponding to grating losses is
given by

𝑄𝑔 =
𝜋𝐿𝑐

𝜆0(1 − tanh (|𝑟𝑠|𝑁𝑔))
(7)

where 𝑟𝑠 is the single electrode reflectivity [3,15]. The value of 𝑟𝑠
which is defined by the free spectral range (FSR = 2𝑓0∕{(2𝑑𝑠 + 𝜆𝑁𝑝 −
𝑎)∕2𝑎 + 1∕|𝑟𝑠|} [3,16]) from our device is approximately 0.008. As the
Eq. (7), a larger number 𝑁𝑔 of reflector gratings leads to a high grating
loss quality factor 𝑄𝑔 due to an increase in the total reflections at
the gratings. In contrast, a larger number 𝑁𝑝 of IDT electrode pairs
leads to a lower external quality factor since more acoustic energy
can be extracted from the resonator by the external circuitry. Effective
resonator length 𝐿𝑐 , which is related to the distance between the IDT
and the reflectors 𝑑𝑠, also affects the internal and external Q factors.
In our designs, we chose a value for 𝑑𝑠 that is 50 times larger than the
SAW wavelength. This value is relatively large compared to resonator
designs in which the reflector gratings are placed directly next to the
IDT. Here, we wanted to SAW resonator to exhibit space for additional
components like qubits in future research.

To investigate how strongly the total Q factor of the fabricated
SAW resonators depends on these design parameters, we determine
the internal and external Q factors from measured 𝑆11 data for a
different number of IDT electrode pairs and reflector gratings, respec-
tively. Fig. 10(a) shows the obtained external Q factor 𝑄𝑒 for 𝑁𝑝 =
20, 50, 70, 100, 200 IDT electrode pairs and Fig. 10(b) shows the
internal 𝑄𝑔 for 𝑁𝑔 = 100, 150, 200 reflector gratings.

To evaluate how well the design parameters 𝑁𝑝 and 𝑁𝑔 predict the
internal and external quality factor, we reduce Eqs. (6) and (7) to

𝑄𝑒 = 𝑝𝑒
1
2
, 𝑄𝑔 =

𝑝𝑖 (8)

𝑁𝑝 1 − tanh (|𝑟𝑠|𝑁𝑔)
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Fig. 10. (a) Measured external quality factor 𝑄𝑒 of SAW resonators as changes of
number of IDT pairs 𝑁𝑝. The dashed line is the fitting curve from Eq. (8)𝑄𝑒. (b)
Measured internal quality factor 𝑄𝑖 of SAW resonators as changes in the number of
reflectors 𝑁𝑔 . The dashed line is the fitting curve from Eq. (8)𝑄𝑔 .

with the free fit parameters 𝑝𝑒 and 𝑝𝑖. The results show that the
external quality factor can be well controlled by the number 𝑁𝑝 of IDT
electrode pairs and below 𝑁𝑝 = 100 the external quality factor rapidly
increases with decreasing 𝑁𝑝. At 𝑁𝑝 = 20 energy extraction becomes
inefficient and the data show relatively large fluctuations between
different devices. The dependency of the internal quality factor on the
number 𝑁𝑔 of reflector gratings is less pronounced. This indicates that
other loss mechanisms than grating losses like air damping contribute
significantly to the total internal quality factor. Though, the internal
quality factor is well above 1000 for nearly all devices.

3.5. Impedance matching network

It is important that the impedance matching network is placed
between a load and feed line for real-life applications [32]. In practical
applications, an LC impedance matching adding of an inductor and
a capacitor is a common practice for RF components. Inductors and
capacitors are commonly used for impedance matching because they
are tiny, inexpensive, and available with finely graduated scale values.
Any impedance can be matched to 50Ω by choosing an appropriate
arrangement, for example, which elements are in parallel and which
elements are in series.

The magnitude of reflection coefficient 𝑆11 of the SAW resonators
we measured in Fig. 6(a)–(d) is about 1 dB. The SAW devices we
investigated were not optimized for impedance matching to an external
circuit. To study if the amplitudes and phase of 𝑆11 could be controlled
by an improved impedance matching, we perform circuit simulations
in AWR Design Environment’s Microwave Office. In order to do so, we
extend the circuit in AWR Design Environment simulations to design
the impedance matching network by using a transformer and a phase
shift instead of LC matching. The reason for using the transformer
and phase shifter in the simulations is that the phase and magnitude
of the 𝑆11 can be controlled independently. If L and C are added to
the circuit respectively, tuning is more challenging because the phase
and magnitude are linked with each other. Using a transformer and a
phase shifter eliminates the need to change the circuit topology. For
narrowband devices, the transformer and the phase shifter can always
be replaced with an LC circuit and vice versa. In these simulations, the
matching circuit comprises a transformer and a phase shifter as shown
in Fig. 11(a) which are characterized by the turns ratio 𝑁 and a phase
shifting 𝜙. The SAW part of the circuit is characterized by the measured
reflection coefficient 𝑆11. Next, we tune 𝑁 and 𝜙 such that the device
is matched at its resonance frequency.

The data used in the simulations is the same as the data shown in
Fig. 8. Fig. 11(b) and (c) display the original measured response and the
simulated response with optimized impedance matching. This circuit of
Fig. 11(a) is characterized as a matching network with the turns ratio
of a transformer 𝑁 of 0.44 and phase shifting 𝜙 of 178.2°. Fig. 11(b)
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Fig. 11. (a) The circuit as a matching network with a transformer and phase shifter.
The turns ratio of a transformer is 𝑁 with a value of 0.44 and the phase-shifting
angle 𝜙 is 178.2° determined from AWR Design Environment. In the simulation, port
1 has an impedance of 50Ω, and port 2 is evaluated against the measured data. (b)
The measured magnitude of reflection coefficient 𝑆11. The purple circles are before
impedance matching and the green squares are after impedance matching with a
transformer and phase shifter. (c) The measured phase of reflection coefficient 𝑆11.
The purple circles are before impedance matching and the green squares are after
impedance matching with a transformer and phase shifter. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

and (c) show the magnitude and phase of reflection coefficient 𝑆11 re-
spectively. In Fig. 11(b), purple circles are data without the impedance
matching network, and green squares are data with artificial impedance
matching network at the resonance frequency of 1.2292GHz. The phase
shows that the difference between the highest and lowest value before
matching is 5.52°, and the difference between the phases after matching
is 248.59° shown in purple circles and green squares in Fig. 11(c). The
analysis with the AWR Design Environment simulator indicates that the
response of our devices increased by the impedance matching for real-
life applications. There are other methods besides matching impedances
to improve the characteristics of the SAW device, such as adjusting
geometry parameters of SAW structures related to external losses or
matching the feed line with characteristic impedance to a smaller than
50Ω, such as 10 or 5Ω.

3.6. Effect of bond wires

The SAW resonators are wire-bonded to PCBs. The inductance of the
wires which connect the SAW devices with PCBs can cause losses. The
inductance of a single round wire as 0.76 nH is calculated [39] with the
wire’s diameter of 25 μm and length of approximately 900 μm which is
the average length measured with SEM. In order to analyze how much
the inductance of the bond wires affects the reflection coefficient 𝑆11,
the BVD model of Fig. 7 is simulated in AWR Design Environment’s
Microwave Office.

The electrical characteristics of an SAW resonator are modeled by
the modified BVD model for single-port measurement. In the simula-
tions, the modified BVD model has an additional resistance 𝑅𝐴 in series
to the port with impedance 𝑍0 in the BVD model as we showed previ-
ously in Fig. 7. The modified BVD model by adding a series resistance
𝑅𝐴 to the input port includes the electrical losses of the electrodes [40].
The equivalent circuit parameters from the AWR Design Environment
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Fig. 12. (a) The circuit model with the inductances of the bond wire 𝐿𝑊 , in the purple
dotted boxes, to the modified Butterworth–Van Dyke (MBVD) model which adds a series
resistance 𝑅𝐴 from the simple BVD model shown in Fig. 7. As shown in Fig. 3(c) and
(d), the IDT is connected to the ground by two electrode pads with wires. This means
that two inductances 𝐿𝑊 are connected in parallel with the ground in the BVD model
circuit. (b) The simulated magnitude of reflection coefficient 𝑆11. The green circles
are from the MBVD model without the inductances 𝐿𝑊 of the bond wire. The purple
squares are from the circuit model of (a) with the inductances 𝐿𝑊 of the bond wire.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

simulator are static capacitance 𝐶𝑆 of 74.09 pF, the motional resistance
𝑅𝑀 of 1.47Ω, the motional inductance 𝐿𝑀 of 0.47 μH, the motional
capacitance 𝐶𝑀 of 0.04 pF, and the additional resistance 𝑅𝐴 of 7.71Ω
for the SAW resonator at 1.2292GHz. The absolute values of reflection
coefficient 𝑆11 of the modified BVD model with circuit parameters are
represented by green circles in Fig. 12(b).

Fig. 12(a) shows the circuit in which the inductances of bond wire
𝐿𝑊 are added to the input port including the ground of the modified
BVD model for the AWR Design Environment simulator. The purple
dotted boxes in Fig. 12(a) model only the bond wires which indicate
one signal connection and two ground connections. In the simulation,
the circuit parameters such as 𝐶𝑆 , 𝑅𝑀 , 𝐿𝑀 , 𝐶𝑀 , and 𝑅𝐴 are the same
as we used before, and the value of inductance of the bond wire 𝐿𝑊 is
0.76 nH as calculated. A modified BVD model including inductances 𝐿𝑊
has a reflection coefficient 𝑆11 shown in Fig. 12(b) as purple squares.
Fig. 12(b) yields the effect of wire-bondings by simulating the modified
BVD model. The minimum value of the 𝑆11 before adding the induc-
tances of the wire 𝐿𝑊 is −3.44 dB, and after adding inductances 𝐿𝑊 the
value is −3.37 dB, and the frequencies indicated by the minimum values
of 𝑆11 are the same as 1.2292GHz. The result of this simulation confirms
that the losses of the SAW signals occur by inductances arising from
the wire bonds. Although the effect of wire-bondings is not strong, to
reduce the effect, connecting multiple wires between SAW devices and
PCBs means that several inductances 𝐿𝑊 , in the modified BVD model,
are generated in parallel, so the total inductance value inside the purple
dotted square is reduced in Fig. 12(a).

4. Conclusion

This paper reports on the fabrication of SAW resonators on AlN-
on-silicon substrates with frequencies above 1GHz. With the presented
fabrication process, we achieve an IDT and grating electrode width
size as small as 1 μm without the use of advanced lithography meth-
ods like electron beam lithography. This together with the high SAW
phase velocity in AlN allows for reaching resonance frequencies up to
8

1.2292GHz. Moreover, we find external quality factors of up to 9894
and internal quality factors of up to 5878 in air with the gigahertz
response, while the value of the Qf product is as high as 3.1160×1012. All
in all, high quality SAW devices based on an AlN-on-silicon technology
are demonstrated to have resonance frequencies above 1GHz even
when fabricated with optical lithography.
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