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Abstract—Pure shear-horizontal surface acoustic wave 
(SHSAW) devices have been increasingly considered for liquid-
phase and biosensing applications because of their ability to 
operate under liquid-loaded conditions and intrinsic sensitivity 
to mass, stiffness, viscosity, and electrical perturbations oc-
curring at the device/fluid interface. Typically, the SHSAW 
is weakly guided by a free surface boundary condition (BC) 
or may not even exist for some materials and orientations, 
such as the quartz ST-90° orientation considered in this work. 
For a surrounding free surface BC, the interdigital transducer 
(IDT) typically generates strong shear-horizontal bulk acoustic 
waves (SHBAWs) relative to SHSAW. For that reason, guiding 
structures, e.g., dense and/or thick electrodes in periodic or 
uniform configurations, are incorporated into the design and 
placed between IDTs in delay-line devices to increase the ratio 
of transduced SHSAW power to IDT input power, ηSHSAW. 
The degree of ηSHSAW improvement depends on the thickness, 
composition, and geometry of the guiding structure. In previ-
ous work, the authors evaluated ηSHSAW using hybrid finite and 
boundary element method (FEM/BEM) models, but were lim-
ited to cases of stress-free or finite-thickness-grating surround-
ing surfaces. This work extends the analysis to the important 
boundary condition case of uniform finite-thickness electrode 
guiding, which is typically employed in liquid-phase and bio-
sensor applications. To integrate the uniform electrode guiding 
structure with the SHSAW device analysis, a combined finite-
length uniform electrode structure followed by an additional 
quarter-wavelength electrode was considered. In this work, it 
is shown that adjusting the quarter-wavelength electrode’s film 
thickness and length allows cancellation of the SHSAW reflec-
tion from the edge discontinuity. As a result, the finite-length 
uniform guiding electrode can be treated as if it extends to 
infinity, and ηSHSAW can be easily obtained. In addition, the fi-
nite thickness of all electrodes is considered in the calculations. 
To verify the model, an IDT with uniform guiding electrodes 
was simulated and compared with the experimental results of a 
fabricated and tested device. The simulations predict SHSAW 
excitation directivity of 9 dB by the IDT, which is experimen-
tally confirmed to within 0.8 dB.

I. Introduction

Biosensor and liquid-phase platform devices based 
on SAW technology typically require propagation un-

der a liquid-loaded surface condition to probe the ana-
lyte of interest [1]–[3]. To satisfy this requirement, one 

may typically employ platform devices fabricated along 
crystallographic orientations which support SAW modes 
with strong transverse particle polarization, such as the 
pure shear-horizontal surface acoustic wave (SHSAW) 
mode; certain pseudo-SAW (PSAW) modes, e.g., 36° Y-
rotated LiTaO3; the Love mode; and the acoustic plate 
mode (APM) [3]–[6]. The use of modes with strong trans-
verse particle polarization present reduced propagation 
losses compared with orientations supporting the general 
or Rayleigh-type SAW modes, because the latter excite 
a compression-type mode in the adjacent liquid media, 
normally resulting in severe mode dampening [3], [4], [7].

The pure piezoelectrically active SHSAW can exist along 
crystal orientations for which the electrical fields and the 
shear-horizontal mechanical displacement component un-
couple from the purely mechanical sagittal displacement 
components, leading to two separate SAW solutions [8]: a 
stiffened shear-horizontal wave, the pure SHSAW; and a 
purely mechanical sagittal SAW (also referred to as purely 
mechanical Rayleigh SAW, with no particle displacement 
in the direction normal to the sagittal plane). This type 
of propagation direction has been classified as symme-
try type 4 in [8]. Examples of crystals and orientations 
that satisfy such conditions include: 35.8°-Y rotated AT 
quartz, Euler angles (0°, −54.2°, 90°); ST-90° quartz, Euler 
angles (0°, 132.75°, 90°); and CdS, Euler angles (0°, 90°, 0°) 
[9]–[11].

The pure SHSAW is normally weakly guided under free 
BC, and therefore the use of a guiding structure is typi-
cally required in delay-line devices. The guiding structure 
is intended to concentrate energy near the device surface 
and reduce shear-horizontal bulk acoustic wave (SHBAW) 
spurious excitation. Under the effect of further surface 
guiding, the SHSAW device presents increased sensitivity 
to surface perturbations [2], [7], thus also improving a sen-
sor’s signal-to-noise ratio, dynamic range, and resolution.

High-efficiency excitation of the SHSAW mode by the 
interdigital transducer (IDT) implies increasing the ratio 
of the SHSAW power, PSHSAW, with respect to the total 
interdigital transducer (IDT) input power, Pin, ηSHSAW = 
PSHSAW/Pin. Delay line designs having IDTs with ηSHSAW 
near 100% demonstrate reduced generation and detection 
of SHBAW. The reduced SHBAW interference translates 
into improved SHSAW phase linearity, again improving 
the sensor’s signal-to-noise ratio, dynamic range and reso-
lution.

Previous work utilizing boundary element method 
(BEM) techniques on pure shear-horizontal orientations 
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of lead zirconate titanate (PZT-4) [12] and potassium 
niobate (KNbO3) [7] reported ηSHSAW for a finite-length 
IDT with either free of infinitesimally thin uniform guid-
ing electrodes on both sides of the IDT. For these high-
electromechanical-coupling materials and orientations the 
loading effect of finite-thickness electrodes was neglected. 
For lower-piezoelectric-coupling materials and orientations 
supporting pure shear horizontal behavior, such as quartz 
ST-90° or LGS Euler angles (0°, 22°, 90°) [4], referred to 
as LGS (0°, 22°, 90°) from this point on in this work, the 
finite electrode thickness cannot be neglected in the wave 
guiding analysis.

To study the effect of mass loading on ηSHSAW for lower 
electromechanical coupling materials and orientations, a 
combined finite element method (FEM) and BEM model 
was used in [13]. Periodic guiding gratings were used in 
that analysis on both sides of an IDT oriented along the 
pure SHSAW orientation LGS (0°, 22°, 90°). In the referred 
work, the finite thickness of all grating electrodes was con-
sidered. However, the study did not address the case of 
uniform electrode guiding.

To consider the mass and stiffness effects of structures 
consisting of the transducer and a single uniform electrode 
around the IDT, the BEM formalism would require rep-
resentation of interfacial wave source fields that extend to 
±∞; e.g., surface normal components of stress and charge 
density at the semi-infinite electrode/substrate interface. 
This becomes a problem because an efficient and conver-
gent basis function set representing the source fields for 
such an electrode/interface domain has yet to be identi-
fied. Also, the FEM technique, used to analyze the elec-
trode mass and stiffness of the electrodes, would require a 
semi-infinite mesh; a numerically unreasonable situation.

In this work, a quarter-wavelength technique is intro-
duced utilizing a FEM/BEM tool which allows the study 
of a finite-length uniform electrode used to guide the 
SHSAW and to improve the SHSAW IDT transduction 
efficiency ηSHSAW. The guiding performance of the single 
finite-length uniform electrode is also compared with two 
other structures: uniform electrodes on both sides of the 
IDT and semi-infinite guiding gratings on both sides, as 
shown in Fig. 1. This work shows that in addition to the 
different guiding structure topologies depicted in Fig. 1, 
full consideration of the mass/stiffness effects of all elec-
trodes and surrounding boundary condition is required 
to accurately determine and improve ηSHSAW for SHSAW 
orientations displaying reduced electromechanical cou-
pling, such as quartz ST-90°. In particular, the analysis 
presented in this work evaluates ηSHSAW for the guiding 
structures in Fig. 1 as a function of electrode metalliza-
tion thickness and number of IDT electrodes using the 
introduced quarter-wavelength technique together with a 
FEM/BEM tool.

Each structure in Fig. 1 consists of finite thickness 
electrodes atop a semi-infinite piezoelectric substrate. All 
structures are assumed to extend infinitely and display no 
field variation along the y-direction, i.e., ∂/∂y = 0. The fi-
nite-length split-finger IDTs depicted in Figs. 1(a) and 1(b) 

contain a semi-infinite uniform guiding electrode on one or 
both sides, respectively. In Fig. 1(c), the finite split-finger 
IDT is surrounded by semi-infinite synchronous guiding 
gratings on each side with electrode periodicity equal to 
that of the IDT. The ST-90° orientation of quartz, Euler 
angles (0°, 132.75°, 90°), is selected for analysis in this work 
as the SHSAW platform material and orientation. Quartz 
is relatively inexpensive, well-characterized, and the ST-
90° orientation belongs to the previously discussed sym-
metry type 4 class which supports pure shear-horizontal 
propagation [8] and displays relatively high phase velocity. 
Isotropic gold (Au) is assumed to be the electrode mate-
rial in the analysis because of its applicability in biosen-
sors and its excellent SHSAW surface-guiding capabilities 
associated with its relatively high density.

Section II describes the modeling and extraction tech-
niques used for the structures in Fig. 1(a) and 1(b), where-
as Section III describes the analysis of the periodic struc-
ture in Fig. 1(c). Section IV presents numerical results for 
the structures in Fig. 1, considering various metallization 
thicknesses and number of IDT electrodes. Section V com-
pares experimental data to numerical predictions, which 
validate the proposed method. Section VI is dedicated to 
conclusions.

II. Uniform Electrode Guiding Evaluation

A. Analysis Approach

To calculate ηSHSAW for the structures depicted in Figs. 
1(a) and 1(b), a previously implemented FEM/BEM 
simulation tool is expanded to consider: 1) semi-infinite 
uniform electrodes on one or both sides of a finite length 
IDT; and 2) the mass and stiffness effects of all electrodes, 
including the guiding electrodes. The IDT transduction ef-
ficiency is then studied as a function of film metallization 
thickness and transducer length.

The modified structure considered for the analysis of 
Fig. 1(a) is shown in Fig 2(a). Instead of studying a semi-
infinite electrode, a long truncated electrode is used fol-

Fig. 1. Single IDT with three guiding boundary conditions: (a) semi-infi-
nite uniform guiding electrode on one side only; (b) semi-infinite uniform 
guiding electrodes on both sides; and (c) semi-infinite guiding gratings 
on both sides.
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lowed by an additional matching electrode placed directly 
after the guiding structure. The uniform long guiding elec-
trode cannot be simply truncated without the incorpora-
tion of the matching electrode because acoustic reflections 
from the electrode edge discontinuity normally interact 
strongly with the launching IDT, making it difficult to 
estimate the IDT input power of the referred structure. 
Through the adjustment of the matching electrode dimen-
sions, namely the film thickness and length, the reflect-
ed SHSAW at the truncated electrode can be effectively 
canceled. As a result, the IDT input admittance and the 
magnitude of the guided SHSAW mode along the trun-
cated electrode region can be estimated as if the electrode 
extended infinitely. In addition to the structure simulated, 
Fig. 2(a) shows an analogous transmission line represen-
tation. If the truncated electrode of length L2 and thick-
ness H1 is long relative to wavelength, only the guided 
SHSAW is present at the surface far away from the IDT. 
Such a situation can be modeled as an electromagnetic 
wave propagating on a transmission line having charac-
teristic impedance ZSAW1 and propagation constant βSAW1 
= ω·sSAW1, where ω is the radian frequency and sSAW1 
is the inverse velocity or slowness of the SHSAW for the 
analogous uniform-layer over a semi-infinite substrate 
propagation condition. The matching electrode of length 
L4 and thickness H2 is modeled in the same way, and has 
characteristic impedance ZSAW2 and propagation constant 
βSAW2 = ω·sSAW2. The load impedance Zfree is analogous 
to the impedance looking toward the free surface. The 
matching technique employed in this work is analogous 
to transmission line quarter-wave transformer theory. It is 
shown that by altering H2, the effective ZSAW2 is modified, 
and by varying L4, the effective electrical length is modi-
fied. Thus, by adjusting each parameter, the quarter-wave 
transformer matching criterion

	 Z Z Z L nSAW2 SAW1 free
SAW2

= ⋅ =
⋅

+ ⋅, ( )4 2
1 2

π
β

	 (1)

can be satisfied, where n is a nonnegative integer. Under 
this condition, the SHSAW reflected power at the trun-
cated electrode edge is cancelled at a particular frequency, 
and the structure behaves as if the electrode extends infi-
nitely, as indicated in Fig. 2(b).

B. Procedure for Matching Electrode Determination and 
Power Ratio Calculation

A case study is given in this section to demonstrate 
the ηSHSAW calculation technique based on the structure 
defined in Fig. 2(a). The split-finger IDT under consider-
ation consists of 4-μm electrodes, Leff = 4.5, IDT periodic-
ity, λIDT = 32 μm, 1:1 mark-to-space ratio, L1 = 4 μm, L2 
= 800 μm, L3 = 2 μm, L4 = variable (varying from 33.5 
to 36.5 μm), H1 = 300 nm, and H2 = variable (varying 
from 190 to 260 nm). The IDT has acoustic aperture W = 
1600 μm and is oriented along quartz ST-90°.

For all FEM/BEM simulations presented in this work, 
the following basis functions are used to approximate the 
interfacial surface-normal stress components and charge 
density at an electrode/substrate interface [14]–[16]:
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where for a particular f mn basis function, Tn is the nth-
order Chebyshev polynomial of the first kind; cm is the 
center position of the mth electrode; and am is the half-
length of the mth electrode. The definitions for the Fourier 
and inverse Fourier transform adopted in this work are 
given by
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and the spectral-domain representation of (2) is given by

	 f k j a J a k emn
x

n
m n m x

jk cx m( ) ,= ( )1
2

	 (4)

where kx = ω·sx is the x-directed wavenumber, sx is x-di-
rected inverse velocity or slowness, and Jn is the nth-order 
Bessel function of the first kind.

To consider the electrode mass/stiffness behavior, the 
FEM technique is used to determine the interfacial mesh 
nodal forces and displacements by employing a uniform-

Fig. 2. (a) Truncated structure simulated including a matching electrode 
and the analogous transmission line representation (where λIDT is the 
IDT periodicity). Represented in the figure, Leff = 2.5. (b) Equivalent 
structure and transmission line representation when the quarter-wave 
transformer matching requirement is met.
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density mesh consisting of 8-node square elements subject 
to the stress distributions at the interface given by (2). 
Next, the particle displacement distribution at an elec-
trode interface is multiplied by the basis functions and 
integrated over an electrode’s domain to allow coupling 
to the BEM model and determination of the stress and 
charge fields at the interface for a given potential at the 
electrodes [14].

Using the aforementioned FEM/BEM tool and dimen-
sions of the design considered in this case study, the Che-
byshev basis function in (2) of orders up to 12, 100, and 
20, were used for the 4-μm IDT electrodes, 800-μm uni-
form guiding electrode, and 35-μm matching electrode, re-
spectively. The analysis showed that polynomials of these 
orders were adequate to guarantee convergence within the 
IDT bandwidth. As the length of the guiding electrode 
increases, the dominant functional dependence of the 
stress and charge fields far away from the IDT and along 
the uniform guiding electrode resemble that of a SHSAW 
propagating wave. By expanding this field variation with a 
weighted series of basis functions given by (2), the respec-
tive coefficients can be determined using the orthogonality 
properties of the Chebyshev polynomials. Given the coef-
ficients’ functional dependence with the polynomial order, 
an expression can be determined for the estimation of the 
required polynomial order to describe the SHSAW field 
behavior. This analysis showed that the required number 
of basis functions to describe the fields can be estimated 
by ceiling{1.25·π·L2/λg}, where λg is the SHSAW acoustic 
wavelength along the guiding electrode region.

The next step in the ηSHSAW calculation is the deter-
mination of the excitation frequency for the analysis. In 
this work, the frequency of maximum IDT conductance 
was selected as the excitation frequency. The structure 
in Fig. 1(c) was used for the determination of the ap-
proximate frequency of maximum IDT conductance, and 
yielded in this work, for the dimensions mentioned at 
the beginning of this section, a device center frequency 
of 150.8 MHz.

To proceed with the ηSHSAW calculation, the fields along 
the guiding electrode interface associated with SHSAW 
need are extracted from the FEM/BEM results. In par-
ticular, P+

SHSAW and P−
SHSAW, which stand for the power 

of the forward and backward SHSAW under the truncated 
electrode region, respectively, are extracted.

The FEM/BEM calculated fields along the truncated 
electrode interface include contributions from electrostatic 
effects, SHBAW, evanescent modes, and the SHSAW. The 
SHSAW shear-horizontal fields—namely, the surface nor-
mal component of stress, T4, or the charge density, σ—
can be extracted from the total contribution via Fourier 
transform spectral-domain fitting. For the SHSAW field 
fitting, T4 was preferred over σ, because the electrostatic 
part of σ may have a significant contribution which makes 
it more difficult to extract the SHSAW contribution. Such 
an effect is not present in T4, and the SHSAW contribu-
tion dominates the overall field behavior over the entire 
structure shown in Fig. 2.

The fitting procedure is performed as follows. Consider-
ing only the SHSAW, and neglecting any other field contri-
bution caused by electrostatics or other modes, the fitting 
technique assumes that T4 along the truncated electrode/
substrate interface is given as a weighted sum of +x and 
–x propagating waves having velocity equal to that for the 
guided SHSAW, i.e.,
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where c is the center position of the truncated electrode, a 
is the half-length of the truncated electrode, and U is the 
unit-step function. T4

+ and T4
− are the unknown weights 

associated with the +x and –x propagating SHSAW, re-
spectively. Using (3), the spectral-domain representation 
of (5) is given by
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An estimation of T4
+ and T4

− is obtained by fitting (6) at 
kx = ± βSAW1 to the computed T kx4( ) contribution, consid-
ering only the T4(x) field along the long guiding electrode, 
which is determined using (4) and the results of the FEM/
BEM analysis. Finally, the power associated with the for-
ward and backward propagating SHSAW, P+

SHSAW, and 
P−

SHSAW, are determined through integration of the x-di-
rected Poynting vector along the entire z-axis, from −∞ 
to the top surface of the electrode. The reflection coeffi-
cient looking into the matching electrode region, |ΓSHSAW| 
= |P−

SHSAW/P+
SHSAW|1/2, can also be estimated, and is 

used to quantify the degree of matching achieved.
At the selected frequency and using the technique de-

scribed, simulations were performed for a combined range 
of L4 and H2. The thickness and length of the matching 
electrode were varied over a range of ± 15% and ± 5%, re-
spectively, from their initial values. The thickness H2 was 
varied first, because that requires only the FEM analysis 
for the matching electrode to be recomputed, which typi-
cally runs much faster than the BEM analysis. When L4 
is modified, only the affected IDT, guiding, and matching 
electrode interactions of the BEM matrix are recomputed 
in order to speed up the calculation.

For the example considered in this section, Fig. 3 shows 
the computed |ΓSHSAW| for a variety of matching electrode 
lengths and thicknesses. As can be inferred from Fig. 3, 
a matching condition is achieved when L4 = 34 μm and 
H2 = 244.2 nm. Using these dimensions of the matching 
electrode, the far-field SHSAW power is estimated using 
the calculated value of P+

SHSAW as previously detailed 
in this section. In addition, the IDT input power is com-
puted, given the calculated IDT input conductance and 
the applied voltage. From P+

SHSAW and Pin, one calcu-
lates ηSHSAW. For the example discussed in this section, 
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P+
SHSAW = 2.549 μW (1 V applied) and the IDT input 

admittance when matched equals 1.186e-5 + j5.155e-4 S. 
The ηSHSAW for the structure in Fig. 2(a) is thus estimat-
ed to be 43%, with the entire SHSAW energy propagat-
ing under the long guiding electrode, because no SHSAW 
propagates to the other free-surface side of the IDT for 
quartz ST-90°.

The effect of the matching electrode can be further 
appreciated in Fig. 4, where T4 along the electrode/sub-
strate interface at the IDT and at the long uniform guid-
ing electrode is plotted when the matching electrode is 
omitted and present in Figs. 4(a) and 4(b), respectively 
(1 V applied). Fig. 4(c) plots T4 near the matching elec-
trode when the matching structure is present. As can be 
seen from Fig. 4(a), the omission of the matching elec-
trode results in a standing wave along the long guiding 
electrode region; however, when the matching electrode 
with proper dimensions is included, no standing wave pat-
tern is evident, which indicates a SHSAW matched condi-
tion. For the matched case, the field behavior along the 
long guiding electrode region resembles that of a SHSAW 
propagating wave under uniform media as one looks fur-
ther away from the IDT. This indicates the SHSAW is 
dominant along the truncated electrode region and thus 
the field amplitudes can be considered as far-field values, 
and thus are appropriate to calculate ηSHSAW. In addition, 
it is interesting to note from Fig. 4(c) that the effective 
electrical length of the matching electrode is approximate-
ly 1 and 1/4 wavelengths according to the stress variation, 
which is in accordance with the quarter-wave transformer 
requirement discussed in (1), Section II-A.

If the guiding structure is considered on both sides of 
the IDT, the aforementioned analysis is performed twice 
to determine the required matching electrode dimensions 
for each side. Once both matching electrodes are deter-
mined, simulation is performed including both matching 
structures, and ηSHSAW for each side is extracted using the 
technique described previously.

Fig. 3. Magnitude of SHSAW reflection coefficient |ΓSHSAW| as a function 
of matching electrode length and thickness for the case study considered.

Fig. 4. Resulting interfacial T4 around the long guiding electrode region 
when (a) matching electrode is omitted (close to IDT); (b) matching 
electrode is included in the analysis (close to IDT); (c) matching elec-
trode is included (close to the matching electrode). (1 V applied).
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III. Grating Guiding Evaluation

A. Analysis Approach

A periodic full-wave FEM/BEM model was used to 
evaluate the structure in Fig. 1(c), where guiding grat-
ings surround a finite length IDT to determine ηSHSAW. 
The purpose of this analysis is to provide a comparison to 
the ηSHSAW results obtained when alternative semi-infinite 
uniform electrode guiding is considered. Periodic tools 
have been reported [15]–[17], and were extended in previ-
ous work by the authors [13] to allow the determination 
of ηSHSAW. In particular, the analysis relies on computa-
tion of the harmonic admittance, mutual admittance, and 
calculation of the IDT input power contribution from the 
guided SHSAW mode.

In this work, the charge and stress fields at the elec-
trode/substrate interface are approximated using the ba-
sis function set given by (2) in Section II. The FEM analy-
sis for the electrode is also treated in the same manner as 
described in Section II.

B. Power Ratio Extraction Procedure and Example

As an example, the same IDT structure and substrate 
studied in Section II will now be analyzed for the guiding 
gratings structure, depicted in Fig. 1(c). The first step 
in the analysis is to determine the harmonic admittance 
function Y(γ, ω), where γ = β·p/(2π), β·p is excitation 
phase difference between adjacent electrodes in the infi-
nite periodic structure, and p is the periodicity of the grat-
ing. Fig. 5 shows the computed Y(γ, ω) over a range of γ 
= [0, 0.5] at a simulation frequency of 150.8 MHz; results 
are normalized to an aperture equal to p = 8 μm. It can 
be shown that Y(γ, ω) is a periodic function with respect 
to γ, having period equal to 1, and is also symmetric with 
respect to the γ = 0 axis. By taking the inverse Fourier se-
ries of Y(γ, ω) the mutual admittance ym(ω) is obtained as

	 y Y em
j m( ) ( , ) ,ω γ ω γπγ= −

−
∫ 2

1 2

1 2

/

/

d 	 (7)

which is then used to determine the finite-IDT/grating 
structure input admittance via superposition. In particu-
lar, the mutual admittance gives the current entering an 
electrode m periods away from a single driven electrode 
(1 V applied, all other electrodes grounded). From (7), 
the far-field contribution (|m| ≫ 1) to the mutual admit-
tance is due to the presence of poles in Y(γ, ω), seen in 
Fig. 5 (near γ = 0.25), whose locations correspond to the 
SHSAW short-circuit grating mode. The linear transfor-
mation of (7) allows the separation of the mutual admit-
tance into contributions from the SHSAW mode and a 
residual component, which includes electrostatic and SH-
BAW effects. The mutual admittance contribution from 
the SHSAW grating mode is determined by fitting the 
poles in Y(γ,ω) to an analytical function, then integrating 
analytically, whereas the residual contribution is deter-
mined via numerical integration [13], [17]. The SHSAW 
power contribution can be found from the determined 
SHSAW contribution to the mutual admittance, and re-
sulted in this example in a power ratio of 90.8%. Because 
of reciprocity, it can be shown that ym = y−m [17], which 
results in non-directional excitation for the structure con-
sidered, thus equal SHSAW power is excited for both for-
ward and reverse propagation directions.

IV. Numerical Analysis

A. Uniform Electrode Guiding Results

Based on the extraction technique presented in Section 
II, ηSHSAW for finite-length split-finger IDTs with semi-in-
finite uniform guiding electrodes on one and both sides of 
the IDT were determined for various metallization thick-
nesses and number of IDT split-finger pairs. The analy-
sis was carried out for quartz ST-90°, Au metallization, 
split-finger IDT with 4-μm electrodes, λIDT = 32 μm, and 
mark-to-space ratio = 1:1; and with all guiding electrodes 
connected to the IDT ground. The structures studied con-
sisted of IDTs with Leff = 4.5, 9.5, 19.5, 39.5, and 79.5, 
and H1 = 75, 150, 300, and 600 nm. L1 and L3 were cho-
sen to be 4 μm and 2 μm, respectively. L2 was selected 
as 800 μm and 1200 μm, and verified that the difference 
between extracted ηSHSAW was less than 1% for increased 
guided electrode length. Thus, 800 μm was adopted as a 
long enough guiding structure for this analysis such that if 
increased the extracted value of ηSHSAW would be affected 
by less than a percent. The percent variation is then con-
sidered the uncertainty for the ηSHSAW results presented 
in this section.

Fig. 6 shows the results of the computed ηSHSAW for the 
structures represented in Fig. 1 as a function of Leff con-
sidering diverse electrode metallization thicknesses. In 

Fig. 5. Computed harmonic admittance Y(γ,ω) for the IDT referred to 
in the text along quartz ST-90° at 150.8 MHz.
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particular, Fig. 6(a) shows ηSHSAW for the structure rep-
resented in Fig. 1(a) where a single semi-infinite uniform 
electrode is on one side of the IDT, as well as the re-
verse situation. Fig. 6(b) gives ηSHSAW for the structure 
represented in Fig. 1(b), where the guiding electrodes are 
on both sides of the IDT. Finally, Fig. 6(c) plots ηSHSAW 
split into both +x- and –x-propagating SHSAW contri-
butions, again for the structure represented in Fig. 1(b). 
The results shown in Fig. 6(b), indicate that the overall 
ηSHSAW, considering excitation to both sides, increases 
with IDT length toward an asymptotic value, and also 
increases with metallization thicknesses. Within the pre-
viously assumed 1% uncertainty, Fig. 6(a) shows that 
ηSHSAW increases with thickness up to a 300-nm-thick Au 
film, and then the efficiency decreases for the thicker 600-
nm film. This behavior might be credited to the higher 
structural mismatch between the IDT region with thicker 
electrodes and the free region, which then leads to more 
power transduced into the SHBAW for the ST-90° orienta-
tion. Fig. 6(a) also reveals an interesting directivity effect 
which takes place for thicker films. For thinner films, the 
placement of the long electrode on the left or the right 
of the IDT generates comparable ηSHSAW performance. 
For the thicker electrodes, in particular for 600-nm-thick 
electrodes, about 9% difference in excitation between for-
ward and backward propagation is identified when the 
electrodes are positioned on one side or the other of the 
IDT. A similar directivity effect for thicker electrodes is 
observed on Fig. 6(c), where long electrodes are present 
on both sides of the IDT and split into contributions to 
each side. Comparing Figs. 6(a) and 6(c), one can see that 
for a selected thickness, the presence of long electrodes 
on both sides of the IDT increases the overall SHSAW 
excitation for both the forward and backward propaga-
tion directions when compared with having the electrodes 
on one side only. The effect is more pronounced for the 
thicker 600-nm-electrode case. The higher overall ηSHSAW 
for the quartz ST-90° case in which electrodes are present 
on both sides is justifiable by less SHBAW excitation and 
SHSAW excitation on both directions, as opposed to a 
single direction in the case of electrode on only one side.

B. Guiding Grating Results

Based on the extraction technique presented in Section 
III, ηSHSAW was computed for the same finite-length split-
finger IDTs and metallization thicknesses considered in 
subsection A, but with guiding gratings on both sides of 
the IDT instead. Fig. 7 gives the extracted ηSHSAW analy-
sis for the structure represented in Fig. 1(c) as a func-
tion of Leff and considering diverse electrode metallization 
thicknesses. Fig. 8 reveals that ηSHSAW approaches 100% 
for shorter IDTs if thicker electrodes are used. In addition, 
the use of guiding gratings results in ηSHSAW approach-
ing 100%, whereas when guiding uniform electrodes were 
considered (Fig. 6), ηSHSAW approaches values less than 
100%. This result indicates that the guiding gratings pro-
vide higher ηSHSAW, and thus less SHBAW scattering and 

Fig. 6. SHSAW excitation efficiency ηSHSAW [%] for split-finger IDTs of 
different lengths and metallization thicknesses under the matched condi-
tion: (a) single uniform guiding electrodes on the left and right side of 
IDT, (b) uniform guiding electrodes on both sides of IDT and total left 
and right propagated SHSAW, and (c) uniform guiding electrodes on 
both sides of IDT with separated left and right propagating SHSAW 
contributions.
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acoustic reflections caused by structure discontinuities 
which take place for the long electrode cases.

V. Experimental Verification

To experimentally verify the proposed modeling tech-
nique, and in particular the directivity effect reported in 
the previous section, a quartz ST-90° delay-line structure 
consisting of a regular two-electrodes per wavelength IDT, 
two identical split-finger IDTs, and long guiding uniform 
electrodes were fabricated as shown in Fig. 8. The struc-
ture was simulated and the results were compared with 
measurements. The structure shown in Fig. 8 allows the 
determination of PSHSAW going to the left with respect to 
PSHSAW going to the right excited by the Port 2 IDT and 
defined as directivity Dsolid.

The fabricated device consists of a two-electrode per 
wavelength input IDT having Leff = 79.5, λIDT = 32 μm, 
8-μm electrodes, and mark-to-space ratio = 1:1. Long uni-
form guiding electrodes, with 6 μm gaps between them-
selves and the extreme solid-finger IDT electrodes, extend 
9596 μm in each direction. The split-finger IDTs have Leff 
= 39.5, λIDT = 32 μm, 4-μm electrodes, mark-to-space 
ratio = 1:1, and 4 μm gaps between themselves and the 
guiding electrodes. On the other side of the split-finger 
IDTs, long uniform guiding electrodes approximately 
6500 μm in length are placed 4 μm from the outer edge of 
each IDT. The guiding electrodes are terminated with a 

diagonal edge to scatter reflections. The acoustic aperture 
of the device is 1600 μm. The Au metallization layer is 
287.5 nm thick atop a 10-nm Cr adhesion layer. Devices 
were fabricated at the Laboratory for Surface Science & 
Technology (LASST) clean room facility and tested at 
the Microwave Acoustics Laboratory at the University of 
Maine.

The input transducer, Port 2, was numerically analyzed 
using the technique described in Section II, considering 
uniform guiding electrodes on both side of the two-elec-
trodes per wavelength IDT and inclusion of matching elec-
trodes. Fig. 9 shows the calculated |T4| at the interface 
after the matching described in Section II (1 V applied). 
The analysis and Fig. 9 clearly reveals a directional behav-
ior of the Port 2 IDT because P+

SHSAW and P−
SHSAW are 

both proportional to |T4|2 associated with the forward and 
backward propagating SHSAW. Based on the calculated 
P+

SHSAW and P−
SHSAW along the uniform guiding elec-

trode/substrate interface, the directivity for the structure 
is determined to be 9.0 dB.

Fig. 10 plots the measured |S12| and |S32| obtained for 
both the forward and backward delay-line propagation di-
rections on quartz ST-90° with Au electrodes, H1/λIDT = 
0.9%. As expected based on the previous analysis using 
the proposed model, the natural single-phase unidirection-
al transducer (NSPUDT) directivity effect is experimen-
tally observed.

To compare the experimental results shown in Fig. 10 
with predicted Dsolid results, the finite directivity of the 
split-finger detection IDTs, Dsplit, are considered and esti-
mated from Fig. 6(c) to be 0.4 dB for a 300-nm thick film. 
Minor differences in the |S11| and |S33| frequency respons-

Fig. 7. SHSAW excitation efficiency ηSHSAW [%] for split-finger IDTs 
of different lengths and metallization thicknesses, when infinite guiding 
gratings are considered.

Fig. 8. Layout of the SHSAW device fabricated.

Fig. 9. Calculated |T4| along electrode/substrate interface for the solid-
finger IDT including guiding and matching electrodes.
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es for the two split-finger IDTs have been measured and 
considered in the analysis. After time-gating to remove 
spurious reflections, the minimum measured value of |S11| 
was about −0.71 dB at 150 MHz compared −0.63 dB at 
150.8 MHz for |S33|. These observed small variations in 
frequency response between the two IDTs (about 1 MHz 
in 150 MHz) was credited to variations in the fabrication 
process, namely the thin film thickness and the patterned 
mark-to-space ratio for the structure built. To account for 
the observed fabrication variation toward the extraction 
of Dsolid, a relative port efficiency factor defined as δ = 
(1 − |S11|2)/(1 − |S33|2) was computed, which relates the 
efficiency of acoustic excitation/detection between Port 1 
and Port 3 IDTs. Finally, Dsolid is calculated by Dsolid = 
Dsplit·(|S12|2/|S32|2)/δ and at 150 MHz resulted in 9.8 dB.

Therefore, the proposed model successfully predicts 
the experimentally observed directivity effect for the pure 
SHSAW on quartz ST-90° with Au electrodes. The cal-
culated and measured directivity agree within 0.8 dB for 
9 dB experimentally measured, which is reasonable given 
the uncertainties and variations in the fabricated struc-
ture parameters and choices for the extrapolated Dsplit 
used in the calculations.

VI. Conclusions

In this work, guiding uniform electrode and grating 
structures placed next to a finite-length IDT were studied 
using numerical techniques to determine how the ratio of 
transduced guided SHSAW power to IDT input power can 
be improved.

A novel matching electrode technique was introduced in 
the simulation of a finite-length structure, via finite FEM/
BEM model, to simulate an acoustically matched, infi-
nite structure. It has been quantitatively verified that long 

guiding electrodes on both sides of the IDTs, as opposed 
to only between the IDTs, can cause up to 45% improve-
ment in the achievable SHSAW transmission magnitude 
for a delay line fabricated along the ST-90° orientation of 
quartz. This work also revealed that long and thick IDTs 
with guiding gratings, as opposed to uniform guiding elec-
trodes, results in up to 8% higher SHSAW transduction 
efficiency. However, short and thin IDTs with uniform 
guiding electrodes can provide up to 15% higher efficiency 
than the use of gratings.

Experimental devices were fabricated on quartz ST-
90° to verify the NSPUDT directivity effect that was re-
vealed by the analysis carried out in this work for the 
pure SHSAW devices with heavier gold electrodes. The 
experimental verification of the predicted directivity ef-
fect for the uniform finite-thickness Au guiding electrodes 
surrounding a solid-finger IDT confirmed the adequacy of 
the proposed model.
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