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Abstract—Methods for improved energy trapping of the thick-
ness shear mode (TSM) in quartz crystal microbalances (QCMs)
under lateral field excitation (LFE) are presented. The depen-
dencies of TSM resonant intensity and spurious mode presence
on surface curvature and electrode geometry are analyzed for
improved LFE QCM response. TSM resonance trend data are
given for 6 MHz plano-convex uncoated wafers and electroded
devices up to 6 diopters (D). The energy trapping concept is also
extended to include electrical energy redistribution, which alters
the active acoustic modes in LFE devices. Aspects of data on newly
discovered metal-loaded LFE shear modes more intense than
known LFE TSMs are presented. Variations of these metal-loaded
device responses with surface curvature and metal layer thickness
are reported. Butterworth-Van Dyke (BVD) equivalent circuit
parameters are extracted for air- and metal-loaded response
comparisons. The observed influences of acoustic and electrical
energy trapping expand knowledge on the extent of LFE device
capabilities and reveal implications for resonator applications.

Index Terms—Ilateral field excitation, quartz crystal microbal-
ance, energy trapping, bulk acoustic wave sensor

I. INTRODUCTION

Thickness field excited (TFE) AT-cut quartz crystal microbal-
ances (QCMs) are bulk acoustic wave (BAW) devices used in a
wide range of sensing applications. These sensors are used with
oscillators tuned only to the pure temperature-compensated
thickness shear mode (TSM), where the oscillation frequency
shifts with mechanical loading (thickness/mass or viscosity).
Commercial TFE QCM electrode placement also provides
strong central confinement of electrical and acoustic energy,
allowing excellent sensing system integration.

TFE QCMs, however, are unable to detect electrical changes
(conductivity or permittivity) without a significant reduction
in sensing surface electrode coverage. In contrast, lateral field
excited (LFE) QCMs already exhibit superior electrical sensing
capabilities [1] as greater electric field penetration into the
target layer occurs. For TFE QCMs, the driving field is directed
through the QCM thickness, whereas the field can be oriented
in any direction in the lateral plane for LFE QCMs. The active
BAW modes then depend on this field orientation, rather than
just crystal cut. Certain modes may or may not be unique to
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only one of these excitations. For AT-cut quartz, the pure TSM
can be isolated in both LFE and TFE QCMs.

Though more versatile, LFE QCMs are currently inferior to
TFE QCMs due to high motional resistances, low coupling,
and lesser energy trapping. Usual LFE electrodes [2] are
incompatible with acoustic energy trapping without electrode
modification [3] or QCM surface variation. Electrode geome-
tries have been studied for better acoustic trapping [4] and
mode excitation [5], but little data exist for surface variation
of LFE QCMs. For LFE devices, different loadings have also
introduced new energy trapping mechanisms based on electric
field redistribution [6], expanding upon known energy trapping
aspects [7]. However, only recently have metal layers been
explored [8], with AT-cut quartz data currently unavailable.

The present work investigates the impacts of surface cur-
vature and electrode geometry on spurious modes and both
shear mode intensities of 6 MHz AT-cut quartz wafers. Thin (<
1.5 pm) metal layer influence on mode generation and energy
trapping is also studied. The Butterworth-Van Dyke (BVD)
model [2] is used to compare electrical parameters. Suggestions
for future AT-cut LFE QCM sensing methodologies and metal-
loaded LFE device applications are also discussed.

II. THEORY
A. Lateral Field Excitation of AT-Cut Quartz

The BAW mode characteristics of the (yx1) 35.25° AT-cut of
left-hand quartz [9] were obtained with constants from [10]. An
x'—y’—z’ system rotated relative to the crystallographic x—y—z
system defines the plate. The driving field is applied through
the plate thickness along y’ for TFE and in the x’z’ plane for
LFE. The pure TSM displacement is along x” while the quasi
modes deviate approximately 3.4° from the pure longitudinal
y" and shear z’ directions.

QCM modes have characteristic series and parallel resonant
frequencies and overtones based on their immittances, which
contain terms known as the electromechanical coupling coeffi-
cients, k2. As shown by the k2 values not identically zero [11]
in Figure 1, TFE excites only the pure TSM, but all modes can
be excited via LFE. Values in Figure 1 depend only on crystal
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Figure 1. TFE and LFE mode electromechanical couplings for AT-cut quartz.

parameters, but the measured values may vary depending on
the electrical interrogation of the response.

B. Acoustic and Electrical Energy Trapping

BAW TSMs depend only on plate thickness as cut-offs of
laterally-varying thickness-shear (TS) and thickness-twist (TT)
modes, which couple to flexural (F), extensional (E), and face-
shear (FS) plate modes dependent on the lateral dimensions
[7]. Spurious modes near the TSMs include the F, E, FS, and
undesired TS and TT modes. TS and TT mode presence can
be adjusted by varying the cut-off frequencies along the plate
though mass layers or variable crystal thickness, but the plate
modes can only be eliminated for specific plate aspect ratios.

Acoustic energy of an air-loaded LFE device is mostly
confined by the electrode gap, but the driving electric field
can extend well beyond the surface, depending on crystal
permittivity [12]. Electrical layers trap and redistribute this
energy within the crystal, which alters mode generation as seen
for water-loaded pseudo- and quasi-LFE [13] modes. Bound
charges in dielectrics like water polarize near the gap to oppose
the electrode charges, augmenting the thickness electric field
component. Resonant energy then passes as mutual capacitive
coupling between two TFE regions [14]. Direct energy transfer
through the crystal (pure LFE) persists to a lesser extent.
Mainly centralized redistribution has been observed with water,
but metal layers can relocate charge away from the gap.

ITI. DEVICE FABRICATION AND MEASUREMENT SETUP

Circular 13.97 mm (0.55”) 6 MHz AT-cut plano-convex
blank quartz wafers with flats indicating the z’-axis were
obtained from Fil-Tech, Inc. (Boston, MA). Surface curvatures
varied from O (plano-plano) to 6 diopters (D) in unit steps.
Half-moon [2] electrodes were considered with 9, 11 and 13
mm diameters in combination with 0.5, 1.5, and 2.5 mm gaps.
Electrodes consisted of 200 A Cr and 2000 A Au. Electroded
devices were fabricated only for slow TSM excitation.

All measurements were taken within a controlled cleanroom
environment to eliminate potential extraneous factors. Printed

Figure 2. (From left to right) PCBs, electroded device configurations, and LFE
QCM single port measurement.

circuit board (PCB) electrodes, electroded devices, and a single
port measurement via PCB excitation with an E5071C network
analyzer are shown in Figure 2. No extra physical loading was
applied during measurement, and all samples were centered on
the PCB electrodes to ensure maximal central excitation. For
uncoated wafers, the active modes varied by rotating the crystal
on the PCB. Admittance (Y) data were obtained for uncoated
wafers and all electrode combinations for each diopter.

The magnitude and phase shifts of data were used to
determine response intensity. The magnitude shift indicated
resemblance of the response to an ideal lossless resonator, while
phase shift necessary for standard oscillator circuit integration
is 180°. The BVD model was used to extract equivalent circuit
parameters. Additionally, 6 MHz TFE QCMs were measured
with a thin film deposition system sensing arm for reference.

IV. RESULTS AND DISCUSSION
A. Air-loaded LFE Response

For uncoated wafers rated at 6.02 - 6.04 MHz, the quasi mode
fundamental frequencies are between roughly 6.8575 - 6.8803
MHz (fast TSM) and 12.7252 - 12.7675 MHz (quasilongitudi-
nal). Modes were active in the predicted frequency ranges when
the PCB was rotated. Quasilongitudinal mode response was
weak with several adjacent spurious modes, making the mode
unsuitable for sensing. The 0D TSM responses were similar, but
1D curvature focused the resonances for both TSMs. Excluding

79 79 e
Slow T Slow -
& -80 ,,L ,Hr; -80 1] &
Z &1 ,.—-’.//_/:‘ AL | g ,.-r/_‘-ﬂ_,‘-wfr”
> ( I
82 _,/’.// 82 /,-'F/
L™ /
-83 -83
55 6 6.5 5.5 6 6.5
-78 H -78 s
7 Fast Ly Fast L
@79 M ‘J{’jljr 79 ,,..-J “’/,f =
:-BO 11;#";/ _aor’l/ _.—/J L1 al
81 :F,/ -81 .—/
6.5 7 7.5 6.5 7 7.5
Frequency (MHz) Frequency (MHz)
(a) (b)

Figure 3. Diopter and gap width impact on spurious modes for both TSMs in
(a) 2D and (b) 6D uncoated wafers. Increasing gap width from top to bottom.
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Figure 4. Magnitude (dashed line with diamond) and phase shift (solid line
with circle) diopter trends for electrode gap with 9 mm diameter.

0D, the pure TSM had no spurious modes both below resonance
and at least 80 kHz above. For the fast TSM, spurious modes
were present below and above the mode, with a robust spurious
mode appearing very close to the main mode for 5D.

For both TSMs, spurious modes vanished for larger PCB
electrode gaps, as shown in Figure 3. Increasing diopter also
reduced spurious modes, as shown from the comparison of
Figures 3(a) and 3(b). Both TSM intensities largely increased
with decreasing electrode gap (Figure 4) as gap field intensity
rose. Weakest responses consistently occurred for 5D and 6D.

Only 9 mm diameter PCB data are included in Figure 4 as
PCB electrode diameter did not impact previous trends. The
same holds for attached electrodes as the curvature had greater
impact than the electrode lateral extent. However, electroded
devices did not produce the trends in Figure 4 due to con-
flicting acoustic trapping of electroded regions and curvature.
Though electroded devices were only 3% weaker in intensity on
average, the standard deviation in electroded-uncoated response
ratio was roughly 18%. The 9 mm diameter, 0.5 mm gap
electrode pattern was chosen for successive deposition and PCB
excitation for strongest responses and less electrode presence.

With lesser spurious activity, only pure TSM BVD pa-
rameters were reliably extracted. With peak coefficient of
variation of 0.119, the average motional resistance ng ), static
capacitance (C,), motional capacitance (C,,), and k= were 1.84
kQ, 2.65 pF, 0.0658 fF, and 0.00306%, respectively. The best
TFE QCM had R and k* as 15.8 Q and 0.0210%. The best
air-loaded LFE QCM magnitude and phase shifts were 32.0 dB
and 146°, compared to the TFE QCM values of 55.8 dB and
171°. Accordingly, sensor feasibility of air-loaded LFE QCMs
is limited without more sophisticated resonance tracking [15].

B. Metal-loaded LFE Response

Resonances stronger than observed for air-loaded LFE modes
(Figure 5) occurred with 20 nm thin, 6.35 mm (0.25”) diam-
eter Cr circles centrally applied to electroded device sensing
surfaces. These resonances were not at TSM frequencies, but
within 100 kHz above the slow TSM. In Figure 5, the average
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Figure 5. Air- and metal-loaded responses for 2D (dot-dashed curves), 3D
(dashed curves), and 4D (solid curves) electroded devices.

crystal thickness impacted resonance, as with thickness modes.
The responses were also consistently larger (minimum 62.8 dB
and 175° shifts) than for usual LFE and TFE QCMs.

From Figure 6, a similar mode arose less than 20 kHz (in
2D wafers) higher through rotation on the PCB. The modes
were designated as 0° and 90° LFE modes (Figure 6(a)). For
the 0°/90° mode, the crystal flat is parallel/perpendicular to
the electric field direction. When excited at 45° (Figure 6(b)),
energy is shared between these modes equally. With low mass
impact of 20 nm Cr, the usual LFE modes were found still
active at their respective frequencies. HFSS simulation indicates
electrical paths through the electrode gap and the metal layer
boundary, inducing both thickness and lateral field components.
From proximity to the slow TSM and no spurious modes below
resonance, the new modes are likely predominately-pure mixed
shear modes, as both shear displacements can be generated.

Cr thickness for 0D and 1D samples was increased to observe
the metal layer effect at the limit of curvature necessary for
acoustic trapping. Usual mass frequency shifts resulted, but
variation in load centering generated spurious modes for both
the OD modes and the 1D 90° mode. The main resonance
of a OD wafer improved with increasing Cr thickness, but

-40 - i ‘
a,
_. 60 I} ;ll
8 2\ PRA
T e bl il e NS WESPP PSSO
= \f.’ \ff
-100 -l .
! [
-40
(b)
o 60 Jl Jl
g | N N
— 80 I
> r
-100 | |

6.1 6.11 6.12 6.13

Frequency (MHz)

6.14

Figure 6. Energy trading of metal-loaded modes at (a) 0° (dot-dashed curve)
and 90° (dashed curve) and (b) energy sharing when at 45° (solid curve).
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Figure 7. Approximate trends of motional resistance and mode separation vs.
(a) & (c) Cr thickness and (b) & (d) diopter for 1300 nm Cr load.
substantial mode isolation only appeared with 1300 nm thick-
ness. Thus, it is possible to focus the OD response with mixed
mass and electrical loading. The minor spurious presence near
the 1D 90° mode could be attributed to LFE mode coupling
differences previously seen for the usual LFE TSMs. Increasing
diopter removes these minor spurious modes, confirmed from
observations of 2D, 3D, and 4D wafers loaded with 1300 nm
Cr. With spurious modes present for lower Cr loads at 90°, Cr
thickness trends for just the 0° mode were examined.

R, varied significantly with Cr thickness. As Cr thickness
increased, R, approached 50 Q. as shown in Figure 7(a).
Minimum R, of 47.6 Q occurred for 2D (Figure 7(b)). C, and
C,, were about 0.360 pF and 0.378 fF, respectively, expressing
greater electric field trapping and acoustic wave activity. k%
value of 0.130% was also closer to theoretical AT-cut quartz
values. With great improvement from thin metal layers, there
is obvious utility for LFE QCMs in contactless metal layer
sensing [8]. Observed trends could also be incorporated into
sensing, along with the usual frequency shifts. With nearly 180°
of phase shift, conventional oscillators can be used as well.

Increasing Cr thickness was also discovered to separate
the 0° and 90° modes sigmoidally (Figure 7(c)). The mode
separation linearly increased with diopter for wafers loaded
with 1300 nm Cr (Figure 7(d)), as expected from reduced
average crystal thickness. With high coupling in tandem with
adjustable mode presence and separation, fewer resonators
could be used for RF filter applications.

V. CONCLUSIONS

Energy trapping and mode generation aspects of air- and
metal-loaded LFE AT-cut QCMs have been reported. Both
TSMs were of similar intensity with distinct spurious mode ac-
tivity. Surface curvature and electrode gap showed the greatest
acoustic trapping impact, with attached electrodes presenting
adverse acoustic trapping behavior for the diameters tested.
Trade-off between spurious mode presence and excitation in-
tensity from the electrode gap occurred. Increased surface cur-
vature also reduced spurious mode presence; however, diopters

larger than 4D produced weaker responses and greater device
fragility. BVD parameters hardly varied for air-loaded uncoated
wafers, with poor coupling and high motional resistance.
Thin metal layer presence produced new LFE modes with
tunable motional resistance and mode separation dependent
on metal thickness and diopter, with preserved high coupling.
Metal-loaded responses also surpassed TFE QCM responses,
improving LFE QCM sensor system feasibility near metal
layers. From the trends for Cr thickness, there are new possible
methodologies for tracking the sensor response of a QCM.
With metal-loaded modes revealed for AT-cut quartz, there also
exist opportunities for discovery or design of similar modes in
higher coupling piezoelectric materials for resonator applica-
tions. Furthermore, different LFE resonant property changes
from sensing surface metal geometry may be investigated.
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