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Frequency Signal Processing

Masashi Yumagutucﬂ Member, IEEE, Ning Cao, Demis D. John, Member, IEEE,
and Hossein Hashemig, Fellow, IEEE

Absiract— The large velocity of electromagnetic waves makes
the design of waveguide structures such as couplers and delay
lines at radio frequencies (RFs) prohibitively large for chip-scale
implementation. In contrast, acoustic waves have velocities that
are many orders of magnitude smaller. Thus, with the use of
acoustic waves, RF waveguides become possible. In this article,
the wavegniding of sub-1-GHz surface acoustic waves (SAWs)
on 128° Y-cut lithium niobate (LiNbO3) is examined with
demonstrations of straight waveguides, waveguide bends, and
coupled waveguides. Furthermore, an electroacoustic variable
phase shifter based on an SAW waveguide on a bonded 128°
Y-cut LiNbO3 on silicon is demonstrated. Finally, an all-acoustic
bidirectional RF phased array front end is demonstrated. The
structures shown in this work can be implemented in commereial
SAW foundries resulting in low-cost compact realizations of SAW
microwave signal processing structures.

Index Terms— Lithium niobate (LiNbO3), phased array, radio
frequency (RF), surface acoustic wave (SAW), waveguides.

[. INTRODUCTION

URFACE-acoustic-wave (SAW) devices have long been

used in communication systems for their low-loss, high
selectivity, and small form factors [1], [2]. While they are
known for their filtering capabilities, they have been used in
oscillators, convolvers, couplers, and compressors [3], (4], [5],
[6]. They are also finding uses beyond radio frequency (RF)
wireless devices and into areas such as microfluidics, sensors,
superconducting circuits, and more [7].

SAWs are also used for delay lines requiring several
microseconds of delay as they can be obtained much more
compactly in the acoustic domain due to their low wave
velocity, allowing for a low-loss delay ling compared to
electromagnetic counterparts [2]. A calculation of a microstrip
ling using FR-4 at 600 MHz resulted in a loss per delay of
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about 600 dB/us [8]. Even with low-loss silicon photonic
waveguides, the measured loss is about 250 dB/us [9].
Acoustic delay lines, however, have been demonstrated with
a loss of 2.07 dB/us at 300 MHz using a suspended X-cut
lithium niobate (LiNbO4) [10]. However, depending on the
delay required, acoustic delay lines can sill span several
millimeters in length. For example, a 10-p5 delay using 1287
Y-cut X-propagating LiNbO; (often denoted as 128% YX
LiNbO3z), with an SAW wvelocity of 3979 m/fs, will require
close to 40 mm in length. Such a long delay line can experi-
ence an excessive loss due to diffractive losses experienced
by SAWs [1]. The diffractive losses can be minimized by
confining the SAW in a waveguide structure. SAW waveguides
can also be vsed to meander the delay line by incorporating
wavegnide bends, maintaining a compact size,

The confinement of the SAW in waveguides can also guide
the SAW in the presence of the beam steering effect [2]. Due
to the anisotropy of piezoelectric materials, the SAW power
propagates in a direction that is not perpendicular to the face
of the interdigital transducer (IDT), whereas the wavefronts
arg always parallel 1o it. In other words, the SAW Poynting
vector is not parallel to the wavevector, If IDTs were placed
across from each other in this instance, excessive loss will
be experienced as the SAW will propagate at an angle and
away from the output IDT. Confining the SAW in a waveguide
will mitigate the losses experienced due to the beam steering
effect.

In addition to delay lines, SAW waveguide structures can be
used to realize more complex and interesting signal process-
ing functions at RFs. Specifically, modulating the acoustic
velocity through electrical means enables all-acoustic variable
phase shifters, variable delay elements, and beamformers.
An interesting application of a variable delay element is
in seli~interference cancellation in full-duplex wireless sys-
tems [11]. In a full-duplex wireless system, some of the
transmitter (Tx) leakage to the receiver (Rx) may experience
a significant delay due to reflections in the environment. Self-
interference cancellation approaches in the electronic domain
may suffer due to limited bandwidth, loss, and poor dynamic
range while consuming power. On the other hand, obtaining
nanoseconds of delay in the electromagnetic domain is not
trivial and requires a significant area at RFs. Acoustic domain
variable delay lines are promising as large delays are possible
in the acoustic domain due to the relatively low propagation
velocity [10]. However, while acoustic delay line structures
themselves may possess wideband capabilities, the bandwidth
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Fig. 1.

of a varahle acoustic delay line may be limited by the
bandwidth of the IDT.

This work explores SAW waveguide structures, focusing on
the guiding of Rayleigh waves and demonstrating waveguide
structures at RFs using 1287 YX LiNbOs. Section IT covers
the principles and simulations of SAW waveguides including
straight, bent, and coupled waveguoides. Straight waveguides,
waveguide bends, and directional couplers for SAW have been
studied and implemented in previous works, and this work
looks to reopen SAW waveguides in a proof of concept for
complex integration of RF systems [12], [13], [14]. [15].
Section III covers the principles and design guidelines for
electroacoustic variable phase shifters. Section IV summarizes
the fabrication steps for SAW waveguides. Section V illus-
trates several implementations of various forms of overlay
SAW waveguides using aluminum (Al), tungsten (W), and
gold (Au) metallizations as well as electroacoustic variable
phase shifters and an all-acoustic bidirectional RF phased array
front end. Conclusions are presented in Section VL

II. SAW WAVEGUIDES
A, Background

Interest in the wavegniding of SAWSs can be found in papers
dating back to the 1960s [12], [I13], [16], [17]. An SAW
waveguide can have many shapes and forms. In the most
general sense, an SAW waveguide can be designed by adding
material on to the piezoelectric substrate or by removal of parts
of the piezoelectric substrate, as shown in Fig. 1 [13]. The
waveguides in the figure fall into overlay-type waveguides,
where a material is added to the piezoelectric substrate
to create the confinement region [Fig. l{a)c)] or topo-
graphic waveguides [Fig. 1(d)] [14], [18], [19], [20]. For the
overlay-type SAW waveguides in Fig. 1{a) and (c), a material
is placed over the confinement region, mass loading the atoms
in the region. This causes the atoms to move slower in the
confinement region, creating a velocity differential between the
waveguide region and the surrounding region. The waveguide
region in effect will have a higher index of refraction and
thus confines the SAW in the slow velocity region. On the

Fast | Slow | Fast
Region iRaginni Region
(b)

(d)

Different waveguide configurations for SAWs. (a)—(c) Examples of overlay-type waveguides. (d) Topographic waveguide.

other hand, in the overlay waveguide of Fig. 1(b), a material
that has a faster acoustic velocity compared to the substrate is
placed over the “cladding™ region or the region ouiside of the
confinement region. This creates an SAW velocity differential
by increasing the velocity in the cladding region and confining
the SAW in the slow region.

Let us consider the example of realizing a compact SAW
delay line for applications such as phased arrays and self-
interference cancellers. IDTs are commonly used to convert the
electrical signals to acoustic waves and vice versa. In principle,
two IDTs can be placed far apart to realize the required
delay line [Fig. 2(a)]. However, the SAW beam divergence
and the nonstraight beam propagation, due to the anisotropy
of the material, result in small, collected power at the second
IDT. Alternatively, an SAW waveguide created by overlaying
metal on the piezoelectric material between the IDTs can help
confine the SAW and improve the propagation loss [Fig. 2(b}].
Finally, meandered waveguides enabled by a combination of
straight and bent waveguides can reduce the overall footprint
of the delay line [Fig. 2(c)].

B. Meral Overlaid SAW Waveguides

The primary substrate material used for this study is a 1287
Y-cut LiNbO3 with the main propagation direction being in
the x-direction, The 128 ¥X LiNbO; has a relatively high
piezoelectric coupling coefficient as well as lower bulk wave
generation [2]. An SAW generated on 1287 YX LiNbO; also
does not have any beam steering effects that can have a
detrimental effect on the performance of the propagating SAW.
In order o keep the fabrication simple and minimal, only
one mask was used in this work. This limited the structure
to an overlay-type waveguide structure such as shown in
Fig. 1(a) and (c). It also constrained the overlay material to be
the same material and thickness as the IDTs. Note that these
constraints are not necessary, but they ensure that the struc-
tures can be easily fabricated in commercial SAW foundries.
With this limitation in mind, aluminum, tungsten. and gold
were used as the metallization material in this investigation,
Aluminum is a light metal with a mass density of about
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Fig. 2. (&) Long, unguided delay line with the SAW experiencing the
beamforming effect. (b) Long, guided delay line with confinement of SAW.
(c) Long, guided meandered delay line to reduce overall footprint.

TABLE 1

OVERLAY METAL PROPERTIES !

Metal Al Au W
Mass Density (kg/m®) 2700 19320 19250
Young's Modulus (GPa) 68 T 400 |
Poisson’s Ratio 0.36 042 0.28
| Electrical Conductivity (3/m) | 3.7x10° | 4.545x107 | 1.77x107
! www.matweb,.com

2700 kg/m?, while tungsten and gold are heavier metals with
both having mass densities around 19300 kg/m® [21], [22],
[23]). While mngsten and gold have similar mass densities,
the two differ in their electrical conductivities and stiffness
properties, with gold being more electrically conductive and
having a smaller Young's modulus compared to tungsten. The
properties between the metals are summarized in Table L
The SAW velocity of the overlay waveguides versus the
metal thickness for the three metals has been calculated using
a 3-D model in COMSOL Multiphysics with the piezoelectric
multiphysics included. The results are plotted in Fig. 3. The
SAW wvelocities were calculated from the simulated eigen-
frequencies for a metallized surface. As expected from the
different mass densities. aluminum only has a small effect
on the SAW velocity, indicating that a waveguide designed
using aluminum will most likely not confine the SAW well
compared to waveguides constructed with the heavier tungsten
or gold. Also, from simulations, it seems like the difference
in Young's modulus between tungsten and gold plays a large
role in gold showing a larger change in velocity with metal
thickness compared to tungsten. Considering the SAW velocity

__ anoo; .
'E-. — ~ aluminum o
Z 36001 tungsten
g 3400+
2 3200-
&
2000 T 1
50 300

150 200
Metal Thickness (nm)

Fig. 3. Simulated SAW velocities for aluminum, tungsten, and gold overlay
waveguides with L = 6,56 pm.

and the fabrication lithography limits for resolving the 1DT
periodicity, a thickness of 100 nm was chosen for the target
frequency of around 600 MHz.

The width of the waveguide is determined by analyzing
dispersion curves of the waveguide structure. The dispersion
curves with 100-nm-thick gold metallization were calculated
from eigenfrequency simulations using Floquet boundary con-
ditions, as shown in Fig. 4{a). A perfecily matched layer
is used for the bottom of the structure, while low-reflecting
boundary conditions are applied 1o the transverse faces.
A floating electrical boundary condition is applied to the metal.
Even- and odd-mode eigenfrequencies for the Rayleigh mode
and higher surface modes propagating in the waveguide con-
finement region were recorded and their respective velocities
were calculated. The resulis for a few waveguide widths and
for a wavelength of 6.56 gm are shown in Fig, 4(b)—(d).
The red solid horizontal line represents the desired Rayleigh
mode velocity that would be excited from an IDT. Due to the
difference in the mass loading effect from a grating structure
of an IDT and a solid metal of the waveguide, the Rayleigh
mode velocities will be different between the two different
structures. The gray curve represents the Rayleigh mode of the
waveguide, while the cyan and black curves represent higher
order modes. A close-up view near the wavenumber 27 /4 is
also shown. From the plots, it can be seen that for the 3-um
waveguide width, the desired Rayleigh mode is not supported
by the waveguide, while it is supported for the 6- and 12-pm
wavegumide widths, However, a higher order surface mode is
also supported for the 12-pm wavegnide width, which is not
desirable as it can lead to a higher propagation loss of the
fundamental mode. Therefore, based on the dispersion curves,
a waveguide with a width of 6 gm was chosen for the SAW
waveguide design.

A 3-D frequency-domain simulation in COMSOL with
piezoelectric multiphysics was performed to evaluate the con-
finement of the waveguide for different overlay materials
of width of 6 gm and thickness of 100 nm. The SAW
was generated wsing simplified DT structures with a 6-pm
aperture width and a metal thickness of 100 nm. The electrical
loss of the metals was not included in the simulation. The
ratio of the strain energy under the overlay metal (waveguide
region) over the entire strain energy (directly underneath and
outside of the overlay metal) is computed as the confinement
factor, The calculated confinements for gold, tungsten, and
aluminum are 79%, 71%, and 47%, respectively, confirming
the previous conclusions.
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Simulated dispersion curves for gold overlay SAW waveguides. {a) Eigenfrequency simulation setup for calculating the dispersion curves. Floguet

perindic boundary conditions are applied on both sides of the structure. Dispersion curves for waveguide widths, w, of (b} 3, (c) 6. and (d) 12 gm and for
A = 656 pm are shown., The dotted horzental red line is the desired SAW velocity. The gray lines are the Rayleigh wave velocities under the waveguide
structure, while the cyan and black lines are velocities of higher order modes. The solid lines are velocities for even modes, while the dotted lines are velocities

for the odd mode,

O, Interdigital Transducers

The IDT was designed to provide 50-0  impedance
matching, s0 measurements can be performed without an
external impedance matching network. A 3-D COMSOL
frequency-domain simulation with piezoeleciric multiphysics
was nsed to evaluate the reflection coefficient of a 130-pm-
wide, 24-electrode pair standalone IDT. As the structure is
large, some accuracy was sacrificed by using a coarser mesh
with a minimum size of A/3 and a maximum of A/3 in order
to simulate the structure, The IDT was designed to operate
at the acoustic wavelength of 6.56 gm and constructed using
100-nm-thick gold on 128" ¥X LiNbO;. The simulated 5,
result is shown in Fig. 5.

0. Waveguide Taper

A waveguide taper is used to mate the wide aperture [DT
to the narrower width of the main waveguide, as shown in
Fig. 6(a). A 3-D frequency-domain simulation in COMSOL
with piezoelectric multiphysics is performed for the linear
taper structure. Accuracy was sacrificed in order to simu-
late this structure as well by using a coarser mesh. A spot
frequency-domain simulation was performed to further reduce
simulation time. The purpose of the simulation was to capture
the wend of the taper loss. Monitors are placed at both ends

of the taper and the loss is calculated by taking the ratios of
the simulated strain energy at these monitors. The loss of the
linear taper across different taper lengths is plotted in Fig. 6(b).
A taper length of 1 mm was chosen in the designs throughout
this article.

E. Waveguide Bends

Waveguide bends are essential enablers of complex
wavegnide-based structures. Let vs consider a 1807 circular
waveguide bend shown in Fig. 7{a) along with monitors 1o
calculate the loss from the strain energy difference between
the two monitors using COMSOL, similar to the calculation
method for the waveguide taper. A 3-D frequency-domain
simulation with the piezoelectric effect was performed for
both a wavelength and waveguide width of 6 gm and for a
zold metallization thickness of 100 nm for several bend radii.
A simplified IDT structure with an aperture width of 6 gm is
used to generate the SAW. The calculated loss of this 1807
circular waveguide bend versus the bend radius vsing this
method is shown in Fig. 7(b). As expected, the 1oss is larger for
smaller bend radii given the limited wave confinement in the
wavegnide. While the larger bend radius improves confinement
in the waveguide, eventually, the propagation loss stemming
from the longer path length experienced from the increasing
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bend radins will have a detrimental effect on the overall bend
loss. Wave confinement through the waveguide bend can be
seen in Fig, 7(c), which shows the total displacement of
the SAW propagating through a 180° waveguide bend with

(a) Drawing of the IDT with aperture width of 130-gm and 100-nm-
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Fig. 7. (a) Simulation setup for analyzing waveguide bends with a waveguide
width of & gm. (b) Simulation result for 1807 bend for 4 = 6 um and a
waveguide width of 6 gm. {c) Total displacement simulation result for 1807
bend for a waveguide width of 6 pm and a bend radius of 200 gm.

a radivs of 200 gm, a waveguide width of 6 gm, and a
100-nm-thick gold metallization.

E Coupled Waveguides

Coupled waveguides are commonly used in microwave
structures and can be mimicked in the acoustic domain.
As expected, the coupling coefficient between two adjacent
identical SAW waveguides depends on waveguide lengths and
the gap between the waveguides, The coupling length, defined
as the length where all the power couples from one waveguide
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Fig. 8. Eigenfrequency simulation setup (befi) and result for even and odd
modes (right) for coupled waveguides with 4 = 5.64 um and a waveguide
width of 6 gm.

to another, is calculated by finding the symmetric (even)
and antisymmetric (odd) modes of a two-coupled waveguide
system using eigenfrequency simulations (Fig. 8) [24]. Peri-
odic boundary conditions were applied to the two faces in
the direction of propagation, while low-reflecting boundary
conditions were applied to the two transverse faces. A per-
fectly matched layer is used for the bottom of the structure,
while floating electrical boundary conditions are applied 1o the
metals. The even- and odd-mode relative refractive indices are
calculated based on the even- and odd-mode eigenfrequencies
and subsequently used to calculate the coupling length using

A
Ly =— 1
¢ = Tan (1)

where An is the difference between the relative refractive
indices of the symmetric and antisymmetric modes. An can
also be expressed in terms of the even mode, odd mode, and
free surface velocities as
Dodd — Yeven . (2)
Dayen PModd
The results for an SAW centered near 600 MHz with a 100-nm
gold overlay are tabulated in Table I1.

The computed coupling lengths in Table 11 are then further
refined wsing COMSOL 3-D frequency-domain simulations.
A structure consisting of two waveguides separated by a gap
and excited by a small IDT, as shown in Fig. 9a). The aperture
width of the waveguides is 6 gm and the gap is 1 gm. The
vertical displacements between the waveguide and the coupled
waveguide are plotted in Fig. 9(b). The difference between the
displacement minimums between the waveguide to the coupled
wavegunide is then evaluated. This distance is the coupling
length required for 100% coupling. The coupling length of
127 pm matches well with the calculated coupling length of
135.1 pm using the even and odd eigenfrequencies tabulated
in Table II.

A = Meven — Modd = Ufree

III. SAW VARIABLE PHASE SHIFTER WAVEGUIDES

WVariable phase shifters are essential enablers in RF sig-
nal processors such as beamformers and self-interference

TABLE 11
CALCULATED COUPLED WAVEGUIDE LENGTH

gap (um) | Feen (MHz) | Foaa (MHZ) | Devean Toad | Lo (em)
] 585,47 50681 T.0980 | 1.0781 135.1
gap
waveguide coupled
waveguide
2,
X Input IDT

(a)
E
[}
E
b=
£
£
e
E
g
=
g2 1
S 03 10 200 300  ado

Position on Waveguide (um)
(b)

Fig. 9. (a) Waveguide coupler simulation setup. (b) Waveguide coupler ver-
tical displacements for waveguide and coupled waveguide for a gap = 1 pm.

cancellers. The phase of a propagating wave may be changed
by adjusting the propagation velocity.

A. Thermal Phase Shifters

A SAW devices are known for having very good temper-
ature stability, it is not surprising that a search for a thermal
phase shifter is not very fruitful. The temperature coefficient
for the SAW velocity of an x-propagating and z-propagating
SAW on 128% Y-cut LiNbOs (128° YX LiNbOs; and 128°
YZ LiNbO3) is =713 and —86.3 ppm/°C, respectively [25].
The length of the waveguide to generate a 360° phase shift is
caleulated by using the equation

2x L dn

Ap=—— 7 AT (3)
where Agh is the phase change, L is the device length, 1
is the SAW wavelength, (dn)/(dT) is the SAW velocity
temperature coefficient, and AT is the change in temper-
ature [26]. Using (3) and the SAW wvelocity temperature
coefficient of —71.3 ppm/*C, the required lengths of the phase
shifter for different temperature differentials were calculated
for a 128° YX LiNbOz and the result is plotted in Fig. 10,
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Fig. 10, Plot of phase shifter length versus temperature change.

In order to make the thermal phase shifier have a shor
length, a large temperature change needs to be generated,
resulting in high power consumption. To reduce the power
consumpiion, a phase shifter with a longer length is required.
We have experimentally demonstrated a 4-mm-long thermal
phase shifter realized vsing an SAW waveguide on a 1287
Yecut LiNbOs with 100-nm gold overlay next 0 a meandered
metal creating 2.1 k€ of resistance as a heating element, The
structure requires 322 mW of power (o generate a 3607 phase
shift confirming the inefficiency of thermal phase shifters in
today’s commercial SAW foundries, It should be noted that the
size and power consumption of thermal phase shifters may
be reduced by vsing a meandered waveguide structure with
embedded heating elements.

B. Electroacoustic Phase Shifter

The propagation constant of an SAW on a piezoelectric
material change as a semiconductor is brought close o
the piezoelectric. The underlying reason is the interaction
of semiconductor charges with the evanescent fields of the
propagating SAW. When an electric field is applied across the
combined piezoelectric and semiconductor structure, a deple-
tion region is formed in the semiconductor, The width of
the depletion region, which is a function of applied electric
field, determines the distance of charges in the semiconductor
from the evanescent field of the propagating SAW in the
piezoelectric. Hence, a tunable SAW phase shifier may be
realized by applying voltage across a combined piezoelectric
and semiconductor structure. In 1977, a variable phase shifter
using a 34 Q-cm n-type silicon air gap coupled (with 1000 A
distance) o a YZ-LiNbOs was demonstrated [27]. In 1982,
a ZnO film was deposited on 50-02.cm n-type silicon, with
100-nm Si0: in between, to create a variable phase shifter.
In neither demonstration, the SAW propagates in a waveguide.

In this work, an electrostatic SAW variable phase shifter
using an SAW waveguide is demonstrated for the first
time, The structure consists of a S5-gme-thick [28% Y-cut
LiNbOs that is bonded onto a 500-gm-thick high-resistivity
p-type silicon substrate. A 100-nm-thick gold is vsed for the
IDT and waveguides. The top view of the electroacoustic
phase shifter, along with the cross section of the waveguide
and substrate structure, is shown in Fig, 1lia) and (h),
respectively. The fractional change in the SAW velocity

Vias
)
o IDT Ly L
ﬁW m L l-'[ T m W
2 LM ﬁw
5 Coe
(a)
Vhias
input | output
Sum||e, 128° Y-cut LiNBO,
4nm}|€1, 0 5i0;
€2 ' "]w
500 e Depletion Reglon
high-resistivity p-type silicon

L

(b)

Fig. 11.  {a) Top view of the electroacoustic SAW phase shifter. (b) Cross
section of an electroacoustic SAW phase shifter.

was calculated using [28)

Avg An 1—%
= — ) e—=
i i ]E|+}rfp

where p and o are given hy

extanh( i) + e tanh(fw)
! = & + ertanh(Bhy) - tanh(fw) )
" €1 + Egtanh{ﬁﬂﬂl

eptanh(fi) 4 ez

{Aw) /v, which is the ratio of the velocity difference between
an electrically open and short surface over the velocity of the
electrically open surface, is calculated from the piezoelectric
coupling coefficient, £ is the 5i0: dielectric constant, €1 is the
dielectric constant of silicon, €, is the dielectric constant of
LiNbOs, /1y is the Si02 thickness, # is the SAW propagation
constant, and w is the depletion layer width in silicon. The
Si02 laver s assumed to be around 4 nm in thickness due
to the surface oxidation of the silicon prior to the bonding of
the LiNbO1 [29]. The waveguide structure is treated similar
10 a metal-oxide-semiconductor (MOS) capacitor as shown in
Fig. 12 and a 1-D COMSOL simulation of an MOS capacitor
was performed to evalvate the capacitance of the structure,
which is a series combination of the dielectric capacitance
from the LiNbO; layer (Cpwn) and the depletion capaci-
tance, Cg. The backside of the silicon is electrically grounded,
while an electrical potential is applied 1o the topside of the
LiNbOs. The depletion region width is then calculated using

(7

(4)

(6)

_Ssi

Cy
where €5 is the dielectric constant of silicon and Cy is
the depletion layer capacitance [30]. The depletion width is

i
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Fig. 12, Waveguide capacitance structure illustrating the depletion region.

= 10,000 ohm-cm

= 2,200 ohm-cm
50 60 70

10 20 30 40
Bias Voltage (V)

Fig. 13, Caleulated shift in phase versus waveguide bias voliage for silicon
resistivities of 2200, 10000, and 22000 Chom and phase a shifter length of
639 mm.

used to calculate (Avg)/v vsing (4), which is then used to
calculate the expected phase shift using

s (2) ()

where Lps is the length of the phase shifter and 2 is the
SAW wavelength [31]. Fig. 13 shows the calculated phase
shifts for silicon substrate resistivities of 2200, 10000, and
22000 Q-cm and for a phase shifter length of 6.39 mm
versus applied voltage. The exact resistivity of the silicon
in the bonded wafer vsed in this work is unknown except
that it is larger than 10000 £2-cm. The plot shows that a
high-resistivity silicon substrate is desirable as it would allow
the use of a lower bias voltage to achieve a large phase shift.

(8)

IV, MEASUREMENTS AND DISCUSSION
A, Straight Waveguides

The straight SAW waveguides were fabricated on 128°
Y-cut LiNbOy and measurements were obtained by direct
RF probing of the devices and measuring the two-port
S-parameters using a Keysight N5242A PNA-X network
analyzer. The measurements were obtained with no external
malching network. A die microphotograph of a straight SAW
wavegunide with a waveguide width (w) of 6 gm and length
(L) of 1 mm is shown in Fig. 14. Single-electrode 1IDTs were
utilized with reflectors placed behind them to reduce the loss
from the bidirectionality of the IDT. The IDT was designed
with 24 signal-ground finger pairs with an aperture width of
130 wm to provide a good maich to 50 2. A waveguide taper
with a length of 1 mm was used to interface the wide aperture
IDT w the narrower aperture of the waveguide [12]. The
straight waveguides were fabricated using aluminum, tungsten,

z
tx

Fig. 14. Die microphotograph of o straight waveguide with aperture width
w =6 pm and length L = 1 mm.
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Fig. 15.  (a) Peak 577 and (b) group delay measurements for straight
waveguides fabrcated with 100 nm and waveguide widths of 6 gm (blue),
12 pm (red). and 24 gm (gray) for aluminum metallization.

and gold metallizations with a thickness of 10 nm. For gold
and aluminum metallizations, 5-nm-thick titanium was used to
improve the adhesion between LiNbOs; and the 100-nm-thick
metals.

Figs. 15-17 show the peak S53; and group delay mea-
surement results for the straight waveguides fabricated vsing
1{}-nm-thick aluminum, tungsien, and gold meitallizations,
respectively, along with their respective linear fit lines. Fig. 15
shows the measurement results for aluminum metallization
for a wavegnide width of 6, 12, and 24 gm across lengths
of 1, 2, and 4 mm. Similar measurement resulis for tung-
sten and gold metallizations are shown in Figs. 16 and 17,
respectively. As aluminum is lighter with a mass density
of about 2700 kg/m®, compared to about 19300 kg/m® for
tungsten and gold, it exhibits less of a dampening effect on the
propagating SAW and, thus, resulis in a lower loss [1]. The
lower mass loading effect of aluminum also minimizes any
acoustic impedance mismaich that is experienced between the
IDT, which has a lower mass loading effect due to the grating
structure and the solid metal waveguide. Tt is believed that
the 24-pm-wide waveguide experiences excitation of higher
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Fig. 16. {a) Peak 535 and (b) group delay measurements for straight
waveguides fabricated with 100 nm and waveguide widths of & um (blue),
12 gem (red), and 24 gm (gray) for tungsten metallization.
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Fig. 17.  {a) Peak 535 and (b) group delay measurements for straight
waveguides fabricated with 100 nm and waveguide widths of 6 um (blue),
12 gem (red), and 24 gm (gray) for gold metallization,

order modes and, therefore, does not have a good linear fit for
aluminum and gold.

It is not clear how much of the electrical conductivity of
the metal used in the wavegnides contributes to the overall

loss. Both aluminum and gold are relatively good electrical
conductors (the electrical conductivity of 3.7 = 107 S/m and
4.545 % 107 S/m, respectively). while tungsten is a poorer
electrical conductor (1.77 x 107 S/m). However, aluminum
is a much lighter metal compared to both gold and tung-
sten, and tungsten is a much stiffer metal compared to both
aluminum and gold as well. Many differences in the metal
properties make it difficult to separate the effects of the metal
properties and their contribution to the overall loss. Overall,
the SAW waveguides demonstrate a low propagation loss in
the range of 2.1-6.3 dB/us. The measurement results show the
advantage of SAWs, compared to eleciromagnetic delay line
structures, as the group delay achieved is around 0.3 gs/mm.
The 6-pm-wide gold waveguide exhibits a group delay of
0.33 ps/mm and an overall propagation loss of 2.7 dB/us.
On the other hand, a transmission-line-based electromagnetic
delay line measured propagation losses of about 990 dB/us
at a frequency of 9.5 GHz, while implementation of a silicon
photonic delay line measured delays of about 13.2 ps/mm and
an overall propagation loss of about 250 dB/us 9], [32]. Thus,
SAW-based delay lines have delays that are several orders of
magnitude larger and propagation losses that are several orders
of magnitude smaller than electromagnetic delay lines.

While the straight wavegoide measurements show low prop-
agation losses, they do not prove the confinement of wave in
the waveguides as the SAW can easily reach from one 1DT
to another one even without the metal-overlaid waveguides.
Test structures of back-to-back IDTs and 1D7T-taper-taper-
IDT structures were also fabricated. The die microphotograph
is shown in Fig. 18 and &, for both structures is plotted
in Fig. 19. The peak S§3; of the back-to-back IDT struc-
ture is —2.21 dB, while the 1DT-taper-taper-1DT structure
is —6.77 dB. Based on the two measurements, the loss for
a reflector-1DT is about 1.1 dB, while the loss for a taper
section s 2.3 dB. It is believed that the mode-conversion
loss experienced in the multimode taper region, which is not
captured with the use of the monitors in the taper simulation in
Fig. 6, along with the larger mass loading effect, which leads
to a larger “impedance mismatch™ between the IDT and taper
regions, is the main contributor to the discrepancy between
the calculated loss and the measured loss of the taper region,

B. Waveguide Bends

To conclusively prove the waveguiding action, 1807
wavegnide bends were vsed between a pair of IDTs on the
same side. The 1{{}-nm aluminum and gold overlay meials
were used in these structures. The single-electrode IDT with
reflectors was designed for a wavelength of 6 gm, an aperture
width of 98.5 pum, and 24 signal-ground finger pairs. The
IDT is followed by a 1-mm-long waveguide taper, followed
by a 500-pm straight section before connecting w a [80°
wavegnide bend. A die microphotograph of the waveguide
bend test structure is shown in Fig. 20. The measured insertion
losses of the entire structure through direct RF probing are
shown in Figs. 21 and 22. Fig. 21 shows the plots for
waveguide widths of 6 gm and bend radii of 100, 200, and
400 pm, while Fig. 22 shows the insertion loss results for
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Fig. 18.  Die microphatograph for (a) back-to-hack TDT test structure and
(b} back-to-back 1DT-taper structure.

09 —jpT-1IDT
---IDT-TAPER

20 G200
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Fig. 19, %2 measurement resulis for back-to-back IDT test structure (blue)
and back-to-back IDT-taper structure (red).

z
tx

Fig. 20. e microphotograph of the U-bend structures for the outer bend
radius of 200 gm and the waveguide width of & gm.

waveguide widths of 12 pm for the same bend radii. The
peak 82 occurs at around 606 MHz for the gold waveguides
with peak S5 values of —12.5, <9.3, and —9.8 dB for a
wavegnide width of 6 gm and bending radii of 1IN, 200, and
400 pm, respectively. The 52y measurements of the 180 bend
show SAW confinement for the gold waveguide but not for the
aluminum waveguide.

To eliminate any doubt about other sources of wave cou-
pling between the IDTs, other than through the waveguides,
identical test structures only without the 180° waveguide
bend were also fabricated (Fig. 23). The 51 measurement
results of the test structure without the bend metallization are
shown in Fig, 24, The §3; difference between the 100-gm
bending radius between having and not having the waveguide
meiallization is about 26 dB, indicating that the waveguide is
indeed guiding the SAW through the 1807 bend.

r=100 pm
---aluminum
—gold

oo -12.5 dB

550 650
Frequency (MHz)

(a)
r=200 pm

—--aluminum
-204—gold
23
*-";E =44

(b)

550 650
Frequency (MHz)
(c)

Fig. 21. Sz magnitude plots for U-bend test structures. Plots are for a
bending radivs of (a) 100, (b) 200, and (c) 400 gm for a waveguide width
of & pm.

C. Waveguide Coupler

A die microphotograph for a waveguide coupler is shown
in Fig. 25. Gold metallization is used with a thickness of
100 nm. A 1-mm taper length is uwsed to interface the IDT
to the 6-pm-wide waveguide. The gap between the coupled
waveguides is 1 gm and the bend radios is 400 gm. The peak
821, 831, and 84, are plotted in Fig. 26 for a family of coupling
lengths. From the S3; and 84 resulis, 100% coupling to the
second waveguide occurs around 57 gm and back to the first
wavegnide at about 190 gm. The waveguide length at which
50% coupling occurs is about 123 gm. The coupling length
difference between having 100% of the SAW coupled to the
second waveguide and back to the first waveguide is about
133 gm, which maiches the simulation resulis.

D. Electroacoustic Phase Shifter

A die microphotograph of the electroacoustic phase shifter
is shown in Fig. 27. The electroacoustic phase shifter was
fabricated on a bonded 128° Y-cut LiNbO3-on-5i wafer using
S-nm-thick titanium and 100-nm-thick gold for metallization.
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Fig. 22. %21 magnitude plots for U-hend test structures. Plots are for a
bending radius of (a) 100, (b)y 200, and (c) 200 gm for a waveguide widih
of 12 pm.

Fig. 23. Die microphotograph of the 1807 waveguide bend structures
without waveguide metallization for an eguivalent waveguide outer bend
radius of 100 gm.

Single-electrode 1DTs with reflectors were designed with a
wavelength of 6 gm. Two-port S-parameter measurements
were performed using the PNA-X network analyzer through
direct RF probing. A dc probe was used to bias the waveguide,
while the backside of the die was grounded. The phase shifts
were directly measured from the 57; phase measurements. The
length of the phase shifter, which includes only one of the taper
sections, is 6.39 mm. The measured §2; magnitude and phase
shifts at 612 MHz are shown as the blue curves in Fig. 28,
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Fig. 24. 53 magnitude plots for the 180° waveguide bend test structures
without 1807 bend metallization for equivalent bend radii of 100, 200, and
M) pem,
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Fig. 25. Die microphotograph of a waveguide coupler. Port numbers are
noted by the electrical pads of each port.
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Fig. 26. Peak 547, 53, and 53; measurement results for different waveguide
coupler coupling lengths.
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Fig. 27. Die microphotograph of the electroacoustic phase shifter.

The §2; changes by almost 7 dB for the bias voltage range
of 0-70 V. Across the entire 70-V bias voltage range. the
phase changes by about 510°. Using (8), the SAW velocity
changes by about 0.13% (o achieve a phase shift of 510°.
It is important to note that, unlike the thermal phase shifter,
the electroacoustic phase shifter does not consume static dc
power while demonstrating a large phase shift,

A 180° wavegnide bend structure, similar 1o the structure
shown in Fig. 20 but with a bend radivs of 600 gm, was
also fabricated on a honded 128° Y-cut LiNbOs-on-Si wafer.
The metallization used was 100-nm-thick gold. The measured
§21 and phase shifts were measured and plotted as the red
curves in Fig. 28, The results demonstrate the electroacoustic
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Fig. 28  {a) Sa; magnitude result and (b) measured phase shifis for the
straight SAW phase shifter (hlue) and 1807 waveguide bend (red) at 609 MHz.

Fig. 29.  Die microphotograph of the four-element SAW phased array.

waveguiding of an SAW through a bend structure as well. Both
the straight waveguide and 1807 waveguide bend show the loss
increasing at higher bias voltages. with the waveguide bend
showing a much larger increase. This is believed to be due to
the inversion of the surface charges in the silicon behaving as
a “short-circuit layer” to the propagating SAW [28].

E. SAW RF Phased Array

The SAW phase shifter was incorporated into a four-element
phased array front-end structure (Fig. 29.) The phase shifters
are biased through vbl—vb4, with extra pads for redundancy.
A binary-tree acoustic waveguide combiner is used to coher-
ently combine the signals from all four paths. The four paths
are electrically isolated from each other by a small gap in
the waveguide between the phase shifier and the combiner.
An additional de voltage, vb3, is used to bias the waveguides in
the combiner o remove excess losses caused by the charges in
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832 / o Topath 2
= -34 & ~&- Path 3
oy = Path 4
-36 gttt G— B @, ‘“‘*---.‘
-38 e
-m L L L 1 1 1 1
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2 4= Path 4 dﬁ:ﬂg
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£ A
A 200 e
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0 T T T T 1
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Bias Voltage (V)
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Fig. 30.  (a) $2; magnitude and (b) phaze shifts of the four paths of the
SAW phased amay at 604 MHz.

Bend (x4)
6.3 dB

IDT
6.2 dB

Fig. 31. Estimate of the losses from the different components in the phased
array siructure,

the silicon surface under the combiner. The die is mounted on
a printed circuit board (PCB) using an electrically conductive
epoxy and gold wire bonds are used to wire bond the pads 1o
the PCB. The PNA-X network analyzer was used to measure
the S-parameters of the array and the §3; magnitude and
phase of the four different paths at 604 MHz are shown in
Fig. 30. While measuring each path individually, the paths
that were not being measured were terminated with 50 €2,
Unfortunately, only three out of the four paths were working,
and thus, only a three-element phased array can be formed.
An estimate of the breakdown of the losses from the different
components is shown in Fig. 31. The structures show much
larger losses on the electroacoustic platform compared to the
non-electroacoustic platform. Biasing the waveguide structures
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Fig. 32, (a) DMagram of the measurement setup for measuring the antenna
pattern of the SAW phased array along with (b) photograph of the outdoor
setup.

Fig. 33,  Measured array pattem for the 3-element SAW phaszed ammay for
four different settings of (a) —10 degrees, (b) —30 degrees, (c) —90 degrees,
and (d) 70 degrees.

helps to reduce the losses, while applying a bias to the 1DT
structure itself has not shown a noticeable reduction in the loss,
The substrate structure as well as the waveguide will need to be
further optimized to reduce the loss in order for the structure (o
be a viable RF front-end solution. For example, optimization
of a waveguide bend has shown significant improvements for
silicon photonic structures [33]. Similar structure optimiza-
tions, as well as inverse design optimizations, can be done to
further reduce the taper and waveguide bend losses along with
the sizes of these structures [34].

The passive all-acoustic structure can be used both as a
phased array Tx and a phased array Bx front end. Outdoor
measurements for the all-acoustic phased array front-end chip,

connected to antennas, in the receive mode at 604 MHz are
presented (Fig, 32). The Tx was kept fixed, while the BEx
antennas were rotated around an axis. A Hitite HMC-T2220
synthesized signal generator was used to generate the RF tone
for the Tx. The outdoor setup is susceptible o reflections,
but beams at four different settings were measured using an
Apgilent E4407B spectrum analyzer and are shown in Fig. 33.
The phased array antenna patterns demonstrate the proper
functionality of all the SAW building blocks, namely, straight
and bent waveguides, combiners, and electroacoustic phase
shifiers, in a modestly complex sysiem.

V., CONCLUSION

We have shown that SAWs can be guided wvsing metal
overlaid structures in a process that is compatible with com-
mercial SAW foundries. Gold proves to be a better overlay
metal for SAW waveguides when compared to alominom and
tungsten. Design, simulations, fabrication, and measurements
of various straight, bent, and coupled waveguide structures
realized on 128° Y-cut LiNbO3 were covered, Energy-efficient
electroacoustic variable phase shifters were also demonstrated
in gold overlaid waveguides that were realized on 128° Y-cut
LiNb(s bonded on a silicon wafer. The electroacoustic vari-
able phase shifters were then used to form an SAW phased
array and various angles of beamforming were demonstrated.
These studies open up the possibility to realize complex
microwave signal processors vsing SAWs. As a proof-of-
concepl example, an all-acoustic bidirectional phased array
front end is demonstrated. Operation at higher frequencies is
possible with better lithography.

APPENDIX
FABRICATION PROCESS

The fabrication of the SAW devices was performed through
a conventional lifioff process at the University of Santa Bar-
bara Nanofabrication Facility, The detailed processing steps
are given as follows.

1) Solvent clean the LiNbOs-on-5i wafer (single-crystal
LiNbC)y wafers).

2) PEII O plasma treatment (wafer surface dehydration):
300 mT/100 W for 1 min.

3) Spin-on LOL2000 underneath resist layer: 2.5 kr/min for
4i) 5, spun to approximately 200-250 nm thickness.

4) For LiNbO+-on-5i wafers, bake directly on the hot plate
at 180 °C for 5 min (for single-crystal LiNbO;y wafers,
bake at 160 °C for 5 min with 5 °C/min ramp-up and
ramp-down speeds, starting and ending at 50 "C).

5) Spin-on UV6-0.8 top resist layer: 3 ke/min for 30 s 1o
approximately 800 nm thickness.

6) For LiNbO;-on-Si wafers, bake on the hot plate
at 135 °C for 1.5 min (for single-crystal LiNbOs
wafers, bake on the hot plate at 135 °C for 1.5 min
with 5 *C/min ramp-up and ramp-down speeds),

7) Expose on ASML PAS 55(0/300 DUV Stepper at 20-m]
dose, 0-um focus offset.

8) For LiNbOs-on-Si wafers, post-exposure bake (PEBR)
at 135 °C for 1.5 min (for single-crystal LiNbOs
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wafers, bake on the hot plate at 135 °C for 1.5 min
with 5 “C/min ramp-up and ramp-down speeds),
Develop in AZ300-MIF developer for 25 s.

PEIl O- plasma descum: 300 mT/100 W for 35 s.
E-beam evaporation: TiAl = 5 nm/I00  nm,
TifAu 5 nm/100 nm, and W 100 nm (no
adhesion layer needed).

Liftoff in NMP solution cup inside of 80 °C hot-water
bath for 2 h, and then, in a fresh NMP solution cup
inside of ultrasonic bath at 70 °C for 1 min. Follow
with acetone and isopropanol soaking.

Spin-on UV-6 resist protective layer to approximately
800 nm thickness (thickness noncritical).

For LiNbOs-on-5i wafers, bake on the hot plate at
135 °C for 3 min (for single-crystal LiNbOy waters,
bake on the hot plate at 135 °C for 3 min with 5 “C/min
ramp-up and ramp-down speeds).

Dice water into chips.

Remove photoresist protection with acetone/isopropanol
clean,
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