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Abstract

The effect of dispersion on acoustic wave sensocemnsidered. The discussion is focused upon layer
guided surface acoustic waves (Love waves), whiafaio their high mass sensitivity for the first
Love wave mode by optimising the guiding layer kiiessd, such thatlJ4/4; the wavelength in the
layer is given byA=f/v; wheref is the operating frequency ardis the shear acoustic speed of the
guiding layer. We show that this optimisation ofiding layer thickness corresponds to strong
dispersion so that the phase and group velocitesbe quite different. From the definition of the
phase velocity mass sensitivity we show that it larnletermined from either the slope of the cuive o
phase velocity with normalized guiding layer thieks,z=d/A,, or from the phase and group velocities
measured for a given guiding layer thickness. Brpemtal data for a poly (methyl methacrylate)
(PMMA) polymer guiding layer on 36XY Lithium Tantalate is presented. Measurementpludse
velocity and group velocity determined by a netweankalyzer were obtained for systematically
increasing guiding layer thicknesses; a pulse ir@xperiment was also used to provide independent
confirmation of the group velocity data. Two indegent estimates of the mass sensitivity are
obtained forz=d/A<0.22 from i) the slope of the phase velocity cuame ii) the measurements of the
group and phase velocity. These two estimatestawrsto be consistent and we therefore conclude
that it is possible to determine the mass sensitfeir a Love wave device with a given guiding laye
thickness from measurements of the phase and grlopities. Moreover, we argue that the formula
using group velocity to determine phase velocityssngsensitivity can be extended to a wide range of
other acoustic wave sensors. In addition, we sugied variations in the group velocity due to

deposited mass may be a more sensitive paramater#riations in the phase velocity.
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I Introduction

Acoustic wave sensors are being increasingly tiyated for their potential in gas and
liquid phase sensor applicatidiis Amongst the most mass sensitive of these sermers
acoustic waves utilising some form of guiding. Téaaclude Love wave and surface
transverse wave (STW) devices which combine a dh@@ontally polarised surface acoustic
wave (SAW) delay line with either a guiding layeror a surface grating structure,
respectively, to slow down the wave and furtherficenit to the surface This type of
acoustic wave mode necessarily involves a systetm dispersion so that the phase velocity
is not equal to the group velocity. Whilst someoggution of the difference between group
and phase velocity exists in the literature on atioiplate mode sensérS, relatively little
discussion of this has occurred in the literatuneLove wave sensors'2 The main effect
that has been accounted for is the inclusion afctof, which is the ratio of the group to phase
velocity, in the formulaAf/f= (vg/V)(Av/v) relating the fractional frequency shift to the
fractional change in phase speed due to mass tiepostiowever, this does not represent a
detailed consideration of the effect of dispersmm acoustic wave sensors and how it
influences the mass sensitivity. Moreover, theeeracent reports in the literature of the use
of pulse transit type experimehts* and it is therefore timely to seek a better undeding
of the effects of dispersion.

In this paper we discuss the relationship betwdsn pghase velocity and the group
velocity and the mass sensitivity of acoustic waeasors that use acoustic modes with
dispersion. To show a specific application of tlemeepts being developed, we focus the
discussion upon Love wave type sensors, but we asigd that the concepts themselves are
valid for other types of acoustic wave sensors shgwtrong dispersion. In the theoretical
part of the paper we illustrate the angular freqyenave vector dispersion curve for the first
three Love wave modes and from this compare thepgend phase velocities for Love
waves. A relationship between the phase velocitgsmsensitivity and the slope of the
dispersion curve is then used to derive a simpiadita relating measurements of group and
phase velocity to the phase velocity mass sertsitiVine utility of such a formula is that it
enables the mass sensitivity of a device to besasdeexperimentally without the need to
deposit additional material. We also argue thatféineula can be extended to other types of
acoustic wave sensors. In addition, we suggest tthatgroup velocity may be a more
sensitive parameter indicating deposited mass tinarphase velocity. In the second part of

the paper, we present experimental results forcttemge of the phase velocity of the first



Love wave mode on LiTafwith the change in thickness of a PMMA guidingdayWe then
determine the phase velocity mass sensitivityrainge of guiding layer thicknesses from the
variation of the phase velocity with guiding laykickness. We also use direct measurements
of the group velocity, measured using two indepah@zperimental configurations, and the
phase velocity to provide a second, complementesyimate of the phase velocity mass
sensitivity. The comparison of the two methods lathiing the mass sensitivity suggests that
measurements of group and phase velocity provisienple method of estimating the phase
velocity mass sensitivity of a device. Finally, algow that the change in group velocity with
deposited mass is a highly sensitive parametemnthgthave potential in sensors.

I Theoretical Discussion

a) Phase and Group Velocity

In a Love wave, the higher mass sensitivity canmaerstood as a consequence of the
change of the phase spegdas a function of the normalised guiding layeckhiessz=d/ A
whered is the guiding layer thickness adAdis the characteristic shear acoustic wavelength of
the guiding layer at the operating frequericyi.e. A=v/f wherey, is the shear acoustic speed
of the layer)®>*® For small guiding layer thicknesses the speetti@first Love wave is close
to the shear acoustic speed of the substvgteyhilst for largez the speed becomes close to
that of the shear acoustic speed of the guidingr|ay The solid curves in figure 1 shows a
calculation of the Love wave phase speedpr the first three Love wave modes supported
by an infinitely thick isotropic substrate coatedhna waveguide layer. The substrate shear
speed and densities ave=4160 m& and o =7456 kg nt and the layer shear speed and
densities are,=1100 m& andp =1000 kg r¥. In a Love wave sensor, the transition of the
Love wave speed between the two limiting casessandv; is rapid with guiding layer
thickness, so that operating the Love wave deui¢beapoint of steepest change in the phase
speed gives high mass sensitivity (s#8.25 for the first Love wave mode in fig. 1).
Depositing a thin mass layer appears similar toeiasing the guiding layer thickness and so
causes large changes in the phase speed fromt tthegt @perating point. However, this type
of relationship between phase speed and normatjseting layer thickness means that the
system can have strong dispersion so that the grasgroup velocities will not always be
the same. The phase velocity,is defined using the frequency and wavelengthr=48, or

equivalently as/=a/k when using the angular frequenay2rf and wavevectok=217/A. The



group velocity,vg=dadk, is the slope of thed§ k) dispersion curve. This dispersion has a

significant effect when pulses are used rather thaontinuous wave with a single frequency.

Physically, the phase velocity is the speed at lwldcparticular sinusoidal wave
travels. When a pulse is made by combining a nurmbeinusoidal waves each wave will
travel with its own phase speed. In the dispersgstase, these phase speeds are all constant,
independent of frequency, and the pulse therefargels at a constant speed without altering
its shape; this is the case for the Love wave whisneither small or large. However, when
dispersion occurs the pulse will travel at a chirastic speed of its own and the pulse will
spread out as it travels; this is the case folLthee wave wherz is intermediate in value and
this corresponds to the operating region giving imam phase sensitivity. The group
velocity is the velocity at which the energy in thelse is transmitted. For a given guiding
layer thickness, the frequency components in aepedsh have a slightly different valuezof
and this gives rise to different phase speeds.e€lgpseds do not have a significant effect on a
pulse unless the slope of the phase speed curkie witarge, but for a Love wave sensor this
itself is the requirement for high mass sensitivithe fact that a pulse possesses a small
range of frequencies and each frequency comporerefore sees a slightly different
effective thicknesg=df/v, of guiding layer means the pulse effectively samjhe local slope
of the curve of phase speed with Since this slope determines the mass sensitiitig
possible to anticipate that mass sensitivity cduddprobed by measurements of the group

velocity.

b) Dispersion Curve

Considering the solid curves in fig. 1 it is appariat the group and phase velocities
of the first Love wave mode are identical for bethall z and largez because changing the
value ofz by altering the frequency does not cause largagd®in the phase velocity. For
low z the phase and group velocities will both be closthe substrate shear speeg whilst
for large z the phase and group velocities willhblo¢ close to the guiding layer shear speed,
vi. The @ K) dispersion curve can be calculated from thez) curve usingw=21zvi/d and
k=alv = 2rav/(vd) provided the ratios/d of the layer shear speed to the layer thickness is
known. The dotted curves in fig. 1 giving the growgdocities are calculated for a specific
layer speed ofi = 1100 m& and so the ratiw/d corresponds to a specific choice of the layer
thicknessd. Figure 2 shows the k) dispersion curve calculated from the solid curfigsl

using d=0.25 um, so thatv/d=4.4x10° s*. The solid curves show the first three Love wave



modes and the upper dotted line corresponds tsubstrate phase speed of 4160 msd the
lower dotted line corresponds to the layer speetl6D ms. As anticipated from the form of
fig. 1, the @, k) dispersion curve for the first Love wave modergeua in fig. 2) initially
follows the relationship for a constant group speqdal to that of the substrate phase speed
before deviating and joining the lower dotted Ine@resenting a constant group speed equal
to that of the substrate phase speed. This pateapeated for the second (curve b in fig. 2)
and third (curve c in fig. 2) Love wave modes, altbh a threshold frequency exists before
each mode comes into existence. The slopes ofahle @dispersion curves in fig. 2 give the
group velocities at any operating point. Fig. 2d¢fiere shows that the group velocity for each
of the Love wave modes goes through a minima aihtetmediate value of. The group
velocities calculated from the slopes in fig. 2 al®wn as the dotted curves in fig. 1. The
group velocity is always less than the phase vilaond we therefore have a system with

normal dispersion.

C) Mass Sensitivity
An important factor in evaluating the potential fudgess of an acoustic wave sensor
is the mass sensitivitis,, defined by the change in phase speed at fixeplémcy’,
S. = lim i(ﬁj (1)

am-0 Amy| v,

whereAm is the deposited mass per unit angais the phase speed at the device operating
frequencyf,; the mass sensitivity function is in units of ky™*. For non-layer guided acoustic
plate mode (APM) devices, several authors have teedquivalent definition,

=, o @
wherem is the mass per unit area on the APM device serf8chumachest al commented
that the mass sensitivity for an APM device, definssing frequency changes rather than
phase speed changes, could be obtained by detegmihe slope of the curve at zero
thicknes&®. The relationship between the mass sensitivity thedslope of the phase speed
with normalised mass layer thickness is evidenmfigq. (2) by changing variables using
m=od=pviZ/f so that EqQ. (2) becomes,

S, = f (dlogevj 3)
oV dz



In the Love wave case, the deposited mass is itti@aldo the existing guiding layer and it is
not immediately obvious that Eq. (3) continues &éMalid. However, we have previously
considered the problem of adding a perturbing neags to a Love wave device and shown
that for a Love wave$, can be re-written in terms of the slope of thesghspeed curve in
fig. 1 as®

1-v? /v?
5, = L|1%/v f_(d'_gj @)
p 1=V v dz ).,

wherev, is the shear acoustic speed of the perturbing nagss, a is the density of the
guiding layer andf, is the operating frequency at the operating paintThe sensitivity
formula, Eq. (4), for the Love wave device diffénem the non-layer guided formula, Eqg. (3),
only by a pre-factor involving the shear acoustpeexls of the guiding layer and the
perturbing mass layer. This pre-factor is equalrtdy when sensing a material with the same
shear acoustic speed as the guiding layer andpso@mately unity if both the layer and

perturbing mass shear acoustic speeds are sigrilfidass than the Love wave speed.

Figure 1 suggests that when the device operatinigt,pm, is at the maximum
sensitivity, the group and phase velocity will hgndicantly different. This implies that
measurements of group and phase velocity may be tasdeduce the mass sensitivity of a
Love wave device. To consolidate this idea, we amsier the definition of the group
velocity and write it in terms of theparameter assuming a constant guiding layer tles&n
d. The inverse group velocity i@'lzdk/da)and sincé&k=aJv we find,

\Y; @ adv

—=1-—— 5
v, v dw ®)
and usingw=2mzvi/d gives,
Vo z(d Iogevj ®)
Vg dz

Using the approximation that=v;, we can then replace the term in the slope afviogEq
(4) by the mass sensitivity functio8y, and obtain,

YL =1-pds, =1+ pd|S,| 7)

Vg
Since the sensitivity functior,, for the Love wave is negative, Eq. (7) predidtattthe
group velocity will always be less than the phaséoeity. This equation can also be re-



arranged to give the mass sensitivity as a funatiothe phase and group velocities and the
guiding layer thickness and density,

V. -V
s, =+ |1-Y|=L ) ®)
pld v pld Vg

9
Thus, the mass sensitivity can be expressed asctoimal deviation of the phase velocity
from the group velocity divided by the mass pert anea due to the guiding layer. Figure 3
shows the modulus of the mass sensitivity evaluasitlg Eqg. (8) and the data for the three

Love wave modes in fig. 1; a frequency of 100 Mtz been used in the calculation of fig. 3.

From an experimental perspective, Eq. (8) is paldity important because it predicts
that we should be able to evaluate the mass setysitif a Love wave device by making
measurements of the group and phase velocitiesalgdebelieve that Eqg. (8) can be applied
to any non-layer guided acoustic wave sensor, dwctu acoustic plate mode, surface
transverse wave, shear horizontal surface acowsti® and Rayleigh-SAW devices, simply
by taking Am=nd to be the deposited mass per unit area and exagnthe limitAm- 0.
Whilst Eq. (8) has been written as an approximapeakty, for a non-Love wave sensor
satisfying the mass sensitivity formula of Eq. (&ther than Eq. (4), the equality will be

exact.

An additional observation on the mass sensitivéythat the slope of the group
velocity curve in fig. 1 appears steeper than tiidhe phase speed. By analogy to the Eq. (3)
and Eg. (4), which use the differential of degvith respect to the mass of the guiding layer,

we can introduce a definition of the mass sengjtivased on the group velocity,

dlog, Vv dlog,V,
S%:[_ge gj =_fo [ Je gj 9)
dm, d=gy, PV dz _—

From comparing the curves in fig. 1, we note tlg group velocity mass sensitivitg,’,

may be larger than the mass sensitiVv@y, defined using the phase velocity. For the data in
fig. 1, the peak in the group velocity mass sevigjtiwill also be sharp and will then reduce
to zero as the group velocity goes through its mimh. Subsequent to this minimum, the
group velocity mass sensitivity will change sigrtlas group velocity approaches the value of
the acoustic shear speed of the layer. At the ptdsee, it is not clear whether this group

velocity mass sensitivity will be of value experima&ly because the relative accuracy with



which measurements of group and phase velocitypeamade in Love wave sensors has not

been widely investigated.

The definition of group velocity mass sensitivityed in Eqg. (9) is similar, to within
an overall negative sign, to the definition of phaslocity mass sensitivity given by Testin
al, in their work on the mass sensitivity of acougtlate mode¥. They also note that a
frequency mass sensitivit,, can be defined in a similar manner to Eq. (3) tvad it is
related to the phase velocity mass sensitivityS;mﬂz Swglv. This relationship has also
previously been quoted by a number of authors latiom to work on acoustic plate mode
sensors. Applying this formula to Eqg. (8) gives,

o = L () 1 ) (10)
m Am-0Am fo ,Old \V

Thus, the frequency mass sensitivity differs fradme {phase velocity mass sensitivity by
whether the difference between group and phasecitiel® is expressed as a fraction with
respect to the phase or group velocity. Since bizs@ velocity is always larger than the group
velocity, Si' will be smaller tharg,, possibly by an order of magnitude depending upen
operating point. To illustrate this point, fig. #icsvs the ratio of group to phase velocity
calculated for the data in fig. 1. This differermween the types of mass sensitivity needs to
be emphasised, because there is no difference &etplase and frequency based mass
sensitivity for a QCM when operated with no coatitayer. Therefore any relative
comparison of a QCM to a Love wave device will depen whether phase velocity or

frequency based mass sensitivity is used.

[l Comparison to Experiment
The Love wave system was created using a polymdmgulayer (PMMA from Aldrich)

spin coated at 6000 rpm across a surface acouatie (6AW) delay line device fabricated on
36° XY LiTaOs. The propagation direction was along the crystallK-axis, which supports
both a surface skimming bulk wave (SSBW) and arshedazontal-SAW with speeds both
approximately equal to 4160 thsThe polymer guiding layer covered the whole deyic
including the interdigital transducers (IDTs), aomhverts the acoustic modes into a Love
wave. The IDT’s consisted of a double-double dpiiger type design with a wavelength of
Apr=45 pm. Each metal finger in the IDT was of width 6% and each space between the

fingers was 4.5um; the double-double design minimises triple tramsierference. The



uncoated SAW device had a resonant frequency @49RIHz. Each IDT was of length
40Apt with an aperture of 6yt and the separation between IDTs provided a ceotre-
centre propagation path of 9.011 mm. To obtainregeaof guiding layer thicknesses, the
polymer was successively spin coated actieesvhole device and then the device hardbaked
at 200°C for 45 min. After each spin-coating step, thejfrency spectrum of the device was
measured and the resonant frequency and the condisig group time delay recorded using
a network analyzer (Agilent 8712ET). The phase cigfovas deduced from the frequency
change at minimum insertion loss and the groupoitgidrom the group time delay at the
frequency corresponding to minimum insertion lofise error on the group velocity
measurement was around0%. To provide an independent measurement of thepg
velocity, a separate pulse mode system was alsb tosmeasure the transit time of a short
(100 ns) pulse of rf at the same resonant frequamclygroup velocities were subsequently
calculated. The pulse mode system used for thgseriexents has already been described in
detail in a previous repdft The results showed that group velocities caledldtom the two

methods agreed to within 5%.

The points in fig. 5 show the measured phase andpgwelocities (upper and lower
points, respectively) plotted as a functiorzefl/ A, whereA=v/f. The dotted curves are fits of
Love wave theory to the data points, based uposlastic mass guiding layer usipg2600
kgm*® andvi=1100 m&. The value ofg used in fitting the Love wave theory to the data i
significantly different to the measured valuegsf1100 kgnT and is needed to provide a less
sharp and more rounded curve through the data pamthe regiond/A[0.2. We also
performed experiments using Love waves generated &in SSBW mode on ST-Quartz and
again needed to use an effective guiding layeritletts accurately fit the data in the region
d/A[D.2. The reasons for the need for an effectiverlalgnsity are not obvious, but two
possible candidates are the use of the SSBW moglenerate the Love wave and the use of a
viscoelastic polymer guiding layer rather than #astic solid. In either case, the precise
fitting parameters used do not influence the compar between the two methods of
determining the experimental values of mass seitgitiwhich is the purpose of these
experiments. The layer shear speed used in fithaglata is consistent with values known for

PMMA and is consistent with data for higher ordewe wave modé&
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To obtain two estimates of mass sensitivlf andS,”, from the experimental data we
use Eq. (4) and Eg. (8), respectively. Re-writing. £4) usingx for the guiding layer
thickness and using=v gives,

s :i(dlogevj (11)
x=d

P dx

The data for the phase speed was used to obtapiesgatimates of the slope of lwgusing
the difference between one value and the nextlanteS,”, at the experimental thicknesses.
The second estimate of sensitivi§’, was obtained using Eq. (8). These two estimates a
plotted against normalized thickness in fig. & is indicated by triangles an&.f| by
diamonds. It is notable that the absolute valuesé@msitivity is highly sensitive to changes in
the estimate of the layer thickness, An error in calibration of the guiding layer ¢kihess
can have a significant effect on the absolute valuthe sensitivity, whilst not altering the
overall shape of the curve. Whilst Eq. (11) hay ame explicit factor of, it should be noted
that the phase speed is also dependendtthrough the combination aff/v; and this increases
the significance of any error ith To further compare the two methods of estimatimass
sensitivity, fig. 7 plots S8 against$.’|. Although there is a slight offset of —2.6 on the
intercept, the slope on this graph is 1.06 closaundy indicating the two methods are
consistent. 1S, is calculated from the experimental data usingkwaced differences of the
slope of logv, slightly different values of slope and intercegtcur, but the slope remains

close to unity.

Figures 1 indicates that the change in group vlogith guiding layer thickness is
more rapid than that of the phase velocity. Theeexrpental data in fig. 5 confirm this for the
all values ofz at which direct comparisons can be made. The sibfiee phase velocity curve
at the two highest values af may be less accurate because this correspondslame
insertion loss. The data therefore confirms theaitleat the group velocity is a sensitive
parameter to mass deposition. Re-writing Eq. (¥ farm similar to Eq. (11) gives,

dlog.Vv
St :i(—ge gj (12)
P dx x=d

andS,’ can be evaluated from the experimental data irman@r similar to the calculation of
Sy. In Fig. 8, both forward and backward differenbase been averaged to provide the data
points. The group velocity based mass sensitivibwiples a significant enhancement over the
phase velocity mass sensitivity at low to modegaitieling layer thicknesses, although further

11



work is needed to determine the relative accuraih which the two types of mass
sensitivity can be determined. In this work, we dassed a network analyzer to determine
phase and group velocity, with a separate pulseensydtem to confirm the group velocity
measurements. However, practical sensors are bfiead on simple circuits implementing
the measurement of phase velocity via phase shjfisally using a mixing between a
detected signal and a reference continuous wavs.tyjpe of phase measurement achieves a
significant accuracy because the measurement @vessto within a few percent of the
wavelength; achieving the same accuracy with agralocity based sensor system is more
difficult. However, the significant enhancement iagable via the group velocity over the
phase velocity mass sensitivity at low to modegatieling layer thicknesses (for a given Love
wave mode) may prove equally important as thihé range of guiding layer thickness to
which the sensor is likely to be limited for thestiLove wave mode given the high insertion
loss with large polymer thickness.

v Conclusion

It has been shown that dispersion in acoustic veavesors is an intrinsic and important
property when they are used for mass sensing. digpersion is particularly strong in Love
wave devices and is strongly related to the highsnsnsitivity that these sensors possess. A
formula relating the difference in group and pheslecities to the mass sensitivity has been
derived and this formula is applicable to both Lavave and other acoustic wave sensors.
The applicability of this formula has been confidnexperimentally using a Love wave
device consisting of a polymer on an®36Y Lithium Tantalate substrate operated at a
frequency around 93 MHz. It has also been suggektgdhe group velocity may be a good

sensor parameter.
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Figures

Figurel Calculated Love wave (first, second and third nsddehase speed curves (solid
lines) for an infinitely thick substrate with shesgpreed and density 8=4160 m S
! andps =7456 kg it covered by a guiding layer with shear speed amdities
of v=1100 m & andp =1000 kg rit. The dotted curves shows the corresponding
group speeds calculated using a Qubthick guiding layer.
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Figure2 Dispersion curves deduced from the Love mode pbpsed curves in figure 1
using a 0.25um thickness guiding layer; a) first mode, b) secomatle and c)
third mode. The upper dotted line correspondsécstibstrate shear speed of 4160

ms* and the lower dotted line corresponds to the lafiear speed of 1100 ths
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Figure3 Magnitude of mass sensitivityS,], evaluated from the group and phase
velocities for the data in figure 1 using a frequenf 100 MHz.
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Figure4 The ratio of group to phase velocities evaluatedte data in figure 1.
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Figure5 Experimental data for variation of Love wave phase group velocity with

increasing guiding layer thickness (upper and lowata, respectively). The
dotted curves are fits from Love wave theory.
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Figure6 Mass sensitivity with increasing guiding layercttriess: .| (triangles) by using

phase velocity and Eq. (45| (diamonds) by using phase and group velocities

and Eq. (8).
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Figure7 Comparison of the two methods of measuring massitsaty; solid line is a best
fit with a slope of 1.06.
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Figure8 Sensitivity defined using the slope of the groefoeity (Eq. (12)).
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