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Mass sensitivity of acoustic wave devices from group and phase
velocity measurements

G. McHale,a) F. Martin, and M. I. Newton
Department of Chemistry and Physics, Nottingham Trent University, Clifton Lane,
Nottingham NG11 8NS, United Kingdom

~Received 26 March 2002; accepted for publication 18 June 2002!

The effect of dispersion on acoustic wave sensors is considered. The discussion is focused upon
layer guided surface acoustic waves~Love waves!, which obtain their high mass sensitivity for the
first Love wave mode by optimizing the guiding layer thickness,d, such thatd;l l /4; the
wavelength in the layer is given byl l5 f /v l wheref is the operating frequency andv l is the shear
acoustic speed of the guiding layer. We show that this optimization of guiding layer thickness
corresponds to strong dispersion so that the phase and group velocities can be quite different. From
the definition of the phase velocity mass sensitivity, we show that it can be determined from either
the slope of the curve of phase velocity with normalized guiding layer thickness,z5d/l l , or from
the phase and group velocities measured for a given guiding layer thickness. Experimental data for
a poly~methylmethacrylate! polymer guiding layer on 36°XY Lithium Tantalate is presented.
Measurements of phase velocity and group velocity determined by a network analyzer were
obtained for systematically increasing guiding layer thicknesses; a pulse transit experiment was also
used to provide independent confirmation of the group velocity data. Two independent estimates of
the mass sensitivity are obtained forz5d/l l,0.22 from~i! the slope of the phase velocity curve
and ~ii ! the measurements of the group and phase velocity. These two estimates are shown to be
consistent and we, therefore, conclude that it is possible to determine the mass sensitivity for a Love
wave device with a given guiding layer thickness from measurements of the phase and group
velocities. Moreover, we argue that the formula using group velocity to determine phase velocity
mass sensitivity can be extended to a wide range of other acoustic wave sensors. In addition, we
suggest that variations in the group velocity due to deposited mass may be a more sensitive
parameter than variations in the phase velocity. ©2002 American Institute of Physics.
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I. INTRODUCTION

Acoustic wave sensors are being increasingly inve
gated for their potential in gas and liquid phase sen
applications.1–4Among the most mass sensitive of these s
sors are acoustic waves utilizing some form of guidin
These include Love wave and surface transverse w
~STW! devices which combine a shear horizontally polariz
surface acoustic wave~SAW! delay line with either a guiding
layer5,6 or a surface grating structure, respectively, to sl
down the wave and further confine it to the surface.7 This
type of acoustic wave mode necessarily involves a sys
with dispersion so that the phase velocity is not equal to
group velocity. While some recognition of the difference b
tween group and phase velocity exists in literature on aco
tic plate mode sensors,8–10 relatively little discussion of this
has occurred in literature on Love wave sensors.11,12 The
main effect that has been accounted for is the inclusion
factor, which is the ratio of the group to phase velocity, in t
formula D f / f 5(vg /v)(Dv/v! relating the fractional fre-
quency shift to the fractional change in phase speed du
mass deposition. However, this does not represent a det
consideration of the effect of dispersion on acoustic wa

a!Author to whom correspondence should be addressed; electronic
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sensors and how it influences the mass sensitivity. Moreo
there are recent reports in the literature of the use of pu
transit type experiments13,14and it is therefore timely to see
a better understanding of the effects of dispersion.

In this article, we discuss the relationship between
phase velocity and the group velocity and the mass sens
ity of acoustic wave sensors that use acoustic modes
dispersion. To show a specific application of the conce
being developed, we focus the discussion upon Love wa
type sensors, but we emphasize that the concepts thems
are valid for other types of acoustic wave sensors show
strong dispersion. In the theoretical part of the article,
illustrate the angular frequency-wave vector dispersion cu
for the first three Love wave modes and from this comp
the group and phase velocities for Love waves. A relatio
ship between the phase velocity mass sensitivity and
slope of the dispersion curve is then used to derive a sim
formula relating measurements of group and phase velo
to the phase velocity mass sensitivity. The utility of such
formula is that it enables the mass sensitivity of a device
be assessed experimentally without the need to deposit a
tional material. We also argue that the formula can be
tended to other types of acoustic wave sensors. In addit
we suggest that the group velocity may be a more sens
parameter indicating deposited mass than the phase velo
In the second part of the article, we present experime
il:
8 © 2002 American Institute of Physics
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results for the change of the phase velocity of the first Lo
wave mode on LiTaO3 with the change in thickness of
poly~methylmethacrylate! ~PMMA! guiding layer. We then
determine the phase velocity mass sensitivity at a rang
guiding layer thicknesses from the variation of the pha
velocity with guiding layer thickness. We also use dire
measurements of the group velocity, measured using two
dependent experimental configurations, and the phase ve
ity to provide a second complementary estimate of the ph
velocity mass sensitivity. The comparison of the two me
ods of obtaining the mass sensitivity suggests that meas
ments of group and phase velocity provide a simple met
of estimating the phase velocity mass sensitivity of a dev
Finally, we show that the change in group velocity with d
posited mass is a highly sensitive parameter that may h
potential in sensors.

II. THEORETICAL DISCUSSION

A. Phase and group velocity

In a Love wave, the higher mass sensitivity can be
derstood as a consequence of the change of the phase s
v, as a function of the normalized guiding layer thickne
z5d/l l whered is the guiding layer thickness andl l is the
characteristic shear acoustic wavelength of the guiding la
at the operating frequency,f ~i.e., l l5v l / f , wherev l is the
shear acoustic speed of the layer!.15,16. For small guiding
layer thicknesses, the speed of the first Love wave is clos
the shear acoustic speed of the substrate,vs , while for large
z, the speed becomes close to that of the shear acoustic s
of the guiding layer,v l . The solid curves in Fig. 1 show
calculation of the Love wave phase speed,v, for the first
three Love wave modes supported by an infinitely thick i
tropic substrate coated with a waveguide layer. The subs
shear speed and densities arevs54160 ms21 andrs57456
kg m23 and the layer shear speed and densities arev l51100
ms21 and r l51000 kg m23. In a Love wave sensor, th
transition of the Love wave speed between the two limit
cases ofvs and v l is rapid with guiding layer thickness, s
that operating the Love wave device at the point of steep

FIG. 1. Calculated Love wave~first, second, and third modes! phase speed
curves~solid lines! for an infinitely thick substrate with shear speed a
density ofvs54160 m s21 andrs57456 kg m23 covered by a guiding layer
with shear speed and densities ofv l51100 m s21 and r l51000 kg m23.
The dotted curves shows the corresponding group speeds calculated u
0.25mm thick guiding layer.
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change in the phase speed gives high mass sensitivity~see
z;0.25 for the first Love wave mode in Fig. 1!. Depositing
a thin mass layer appears similar to increasing the guid
layer thickness and so causes large changes in the p
speed from that at the operating point. However, this type
relationship between phase speed and normalized gui
layer thickness means that the system can have strong
persion so that the phase and group velocities will not alw
be the same. The phase velocity,v, is defined using the
frequency and wavelength asv5 f l, or equivalently asv
5v/k when using the angular frequencyv52p f and wave
vector k52p/l. The group velocity,vg5dv/dk, is the
slope of the~v, k! dispersion curve. This dispersion has
significant effect when pulses are used rather than a cont
ous wave with a single frequency.

Physically, the phase velocity is the speed at which
particular sinusoidal wave travels. When a pulse is made
combining a number of sinusoidal waves, each wave w
travel with its own phase speed. In the dispersionless c
these phase speeds are all constant, independent of
quency, and the pulse therefore travels at a constant s
without altering its shape; this is the case for the Love wa
when z is either small or large. However, when dispersi
occurs, the pulse will travel at a characteristic speed of
own and the pulse will spread out as it travels; this is the c
for the Love wave whenz is intermediate in value and thi
corresponds to the operating region giving maximum ph
sensitivity. The group velocity is the velocity at which th
energy in the pulse is transmitted. For a given guiding la
thickness, the frequency components in a pulse each ha
slightly different value ofz and this gives rise to differen
phase speeds. These speeds do not have a significant
on a pulse unless the slope of the phase speed curve withz is
large, but for a Love wave sensor this itself is the requi
ment for high mass sensitivity. The fact that a pulse p
sesses a small range of frequencies and each frequency
ponent therefore sees a slightly different effective thickn
z5d f /v l of guiding layer means the pulse effective
samples the local slope of the curve of phase speed witz.
Since this slope determines the mass sensitivity, it is poss
to anticipate that mass sensitivity could be probed by m
surements of the group velocity.

B. Dispersion curve

Considering the solid curves in Fig. 1, it is apparent th
the group and phase velocities of the first Love wave mo
are identical for both smallz and largez because changing
the value ofz by altering the frequency does not cause lar
changes in the phase velocity. For lowz, the phase and group
velocities will both be close to the substrate shear speed,vs ,
while for largez, the phase and group velocities will both b
close to the guiding layer shear speed,v l . The~v, k! disper-
sion curve can be calculated from the~v, z! curve usingv
52pzv l /d and k5v/v52pzv l /(vd) provided the ratio
v l /d of the layer shear speed to the layer thickness is kno
The dotted curves in Fig. 1, given the group velocities,
calculated for a specific layer speed ofv l51100 ms21 and so
the ratiov l /d corresponds to a specific choice of the lay

g a
e or copyright; see http://jap.aip.org/about/rights_and_permissions



t
s

ed
at
an
T

ld
T
p
w
e

r
i

ve

l-

,

s

ur-
v-
es
eter-

on-
ase
om

n to
us
i-
ass
ve,
eed

ass

e

the
en
s the
nd
less

int,
ve-
-
de-

To
the

-

s

ur

ra
er

3370 J. Appl. Phys., Vol. 92, No. 6, 15 September 2002 McHale, Martin, and Newton

Down
thickness,d. Figure 2 shows the~v, k! dispersion curve cal-
culated from the solid curves Fig. 1 usingd50.25 mm, so
that v l /d54.43109 s21. The solid curves show the firs
three Love wave modes, the upper dotted line correspond
the substrate phase speed of 4160 ms21, and the lower dot-
ted line corresponds to the layer speed of 1100 ms21. As
anticipated from the form of Fig. 1, the~v, k! dispersion
curve for the first Love wave mode~curve a in Fig. 2! ini-
tially follows the relationship for a constant group spe
equal to that of the substrate phase speed before devi
and joining the lower dotted line representing a const
group speed equal to that of the substrate phase speed.
pattern is repeated for the second~curve b in Fig. 2! and third
~curve c in Fig. 2! Love wave modes, although a thresho
frequency exists before each mode comes into existence.
slopes of the~v, k! dispersion curves in Fig. 2 give the grou
velocities at any operating point. Figure 2 therefore sho
that the group velocity for each of the Love wave mod
goes through a minima at an intermediate value ofz. The
group velocities calculated from the slopes in Fig. 2 a
shown as the dotted curves in Fig. 1. The group velocity
always less than the phase velocity and we therefore ha
system with normal dispersion.

C. Mass sensitivity

An important factor in evaluating the potential usefu
ness of an acoustic wave sensor is the mass sensitivity,Sm ,
defined by the change in phase speed at fixed frequency17

Sm5 lim
Dm→0

1

Dm S Dv
vo

D , ~1!

whereDm is the deposited mass per unit area, andvo is the
phase speed at the device operating frequencyf o ; the mass
sensitivity function is in units of m2 kg21. For nonlayer
guided acoustic plate mode~APM! devices, several author
have used the equivalent definition

Sm5
1

vo
S dv
dmD , ~2!

FIG. 2. Dispersion curves deduced from the Love mode phase speed c
in Fig. 1 using a 0.25mm thickness guiding layer;~a! first mode,~b! second
mode, and~c! third mode. The upper dotted line corresponds to the subst
shear speed of 4160 ms21 and the lower dotted line corresponds to the lay
shear speed of 1100 ms21.
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wherem is the mass per unit area on the APM device s
face. Schumacheret al.18 commented that the mass sensiti
ity for an APM device, defined using frequency chang
rather than phase speed changes, could be obtained by d
mining the slope of the curve at zero thickness. The relati
ship between the mass sensitivity and the slope of the ph
speed with normalized mass layer thickness is evident fr
Eq. ~2! by changing variables usingm5r ld5r lv lz/ f so that
Eq. ~2! becomes

Sm5
f

r lv l
S d loge v

dz D . ~3!

In the Love wave case, the deposited mass is in additio
the existing guiding layer and it is not immediately obvio
that Eq.~3! continues to be valid. However, we have prev
ously considered the problem of adding a perturbing m
layer to a Love wave device and shown that for a Love wa
Sm can be rewritten in terms of the slope of the phase sp
curve in Fig. 1 as,16

Sm5
1

r l
F12vp

2/vo
2

12v l
2/vo

2G f o

v l
S d loge v

dz D
z5zo

, ~4!

wherevp is the shear acoustic speed of the perturbing m
layer, r l is the density of the guiding layer, andf o is the
operating frequency at the operating pointzo . The sensitivity
formula, Eq.~4!, for the Love wave device differs from th
nonlayer guided formula, Eq.~3!, only by a prefactor involv-
ing the shear acoustic speeds of the guiding layer and
perturbing mass layer. This prefactor is equal to unity wh
sensing a material with the same shear acoustic speed a
guiding layer and is approximately unity if both the layer a
perturbing mass shear acoustic speeds are significantly
than the Love wave speed.

Figure 1 suggests that when the device operating po
zo , is at the maximum sensitivity, the group and phase
locity will be significantly different. This implies that mea
surements of group and phase velocity may be used to
duce the mass sensitivity of a Love wave device.
consolidate this idea, we reconsider the definition of
group velocity and write it in terms of thez parameter as-
suming a constant guiding layer thickness,d. The inverse
group velocity isvg

215dk/dv and sincek5v/v we find

v
vg

512
v

v
dv
dv

, ~5!

and usingv52pzv l /d gives

v
vg

512zS d loge v
dz D . ~6!

Using the approximation thatvp'v l , we can then replace
the term in the slope of logev in Eq. ~4! by the mass sensi
tivity function, Sm , and obtain,

v
vg

'12r ldSm511r lduSmu. ~7!

Since the sensitivity function,Sm , for the Love wave is
negative, Eq.~7! predicts that the group velocity will alway
be less than the phase velocity. Equation~7! can also be
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rearranged to give the mass sensitivity as a function of
phase and group velocities and the guiding layer thickn
and density,

Sm'
1

r ld
S 12

v
vg

D5
1

r ld

~vg2v !

vg
. ~8!

Thus, the mass sensitivity can be expressed as a fract
deviation of the phase velocity from the group velocity d
vided by the mass per unit area due to the guiding la
Figure 3 shows the modulus of the mass sensitivity evalua
using Eq.~8! and the data for the three Love wave modes
Fig. 1; a frequency of 100 MHz has been used in the ca
lation of Fig. 3.

From an experimental perspective, Eq.~8! is particularly
important because it predicts that we should be able to ev
ate the mass sensitivity of a Love wave device by mak
measurements of the group and phase velocities. We
believe that Eq.~8! can be applied to any nonlayer guide
acoustic wave sensor, including APM, STW, shear horizon
SAW, and Rayleigh-SAW devices, simply by takingDm
5r ld to be the deposited mass per unit area and exami
the limit Dm→0. While Eq.~8! has been written as an ap
proximate equality, for a non-Love wave sensor satisfy
the mass sensitivity formula of Eq.~3!, rather than Eq.~4!,
the equality will be exact.

An additional observation on the mass sensitivity is t
the slope of the group velocity curve in Fig. 1 appea
steeper than that of the phase speed. By analogy to Eqs~3!
and ~4!, which use the differential of logev with respect to
the mass of the guiding layer, we can introduce a definit
of the mass sensitivity based on the group velocity

Sm
g 5S d logevg

dml
D

d5do

5
f o

r lv l
S d loge vg

dz D
z5zo

. ~9!

From comparing the curves in Fig. 1, we note that this gro
velocity mass sensitivity,Sm

g , may be larger than the mas
sensitivity,Sm , defined using the phase velocity. For the d
in Fig. 1, the peak in the group velocity mass sensitivity w
also be sharp and then reduce to zero as the group vel
goes through its minimum. Subsequent to this minimum,
group velocity mass sensitivity will change sign as the gro
velocity approaches the value of the acoustic shear spee

FIG. 3. Magnitude of mass sensitivity,uSmu, evaluated from the group an
phase velocities for the data in Fig. 1 using a frequency of 100 MHz.
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the layer. At the present time, it is not clear whether t
group velocity mass sensitivity will be of value experime
tally because the relative accuracy with which measurem
of group and phase velocity can be made in Love wave s
sors has not been widely investigated.

The definition of group velocity mass sensitivity used
Eq. ~9! is similar, to within an overall negative sign, to th
definition of phase velocity mass sensitivity given by Test
et al., in their work on the mass sensitivity of acoustic pla
modes.10 They also note that a frequency mass sensitiv
Sm

f , can be defined in a similar manner to Eq.~3! and that it
is related to the phase velocity mass sensitivity bySm

f

5Smvg /v. This relationship has also previously been quo
by a number of authors in relation to work on APM senso
Applying this formula to Eq.~8! gives

Sm
f 5 lim

Dm→0

1

Dm S D f

f o
D'

1

r ld

~vg2v !

v
. ~10!

Thus, the frequency mass sensitivity differs from the ph
velocity mass sensitivity by whether the difference betwe
group and phase velocities is expressed as a fraction
respect to the phase or group velocity. Since the phase
locity is always larger than the group velocity,Sm

f will be
smaller thanSm , possibly by an order of magnitude depen
ing upon the operating point. To illustrate this point, Fig.
shows the ratio of group to phase velocity calculated for
data in Fig. 1. This difference between the types of m
sensitivity needs to be emphasized, because there is no
ference between phase and frequency based mass sens
for a quartz crystal microbalance~QCM! when operated with
no coating layer. Therefore, any relative comparison o
QCM to a Love wave device will depend on whether pha
velocity or frequency based mass sensitivity is used.

III. COMPARISON TO EXPERIMENT

The Love wave system was created using a polym
guiding layer~PMMA from Aldrich! spin coated at 6000 rpm
across a SAW delay line device fabricated on 36°XY
LiTaO3. The propagation direction was along the crystalli
x axis, which supports both a surface skimming bulk wa
~SSBW! and a shear horizontal-SAW with speeds both a
proximately equal to 4160 ms21. The polymer guiding layer

FIG. 4. The ratio of group to phase velocities evaluated for the data in
1.
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covered the whole device, including the interdigital transd
ers ~IDTs!, and converts the acoustic modes into a Lo
wave. The IDT’s consisted of a double–double split fing
type design with a wavelength ofl IDT545 mm. Each metal
finger in the IDT was of width 6.75mm and each spac
between the fingers was 4.5mm; the double–double desig
minimizes triple-transit interference. The uncoated SAW
vice had a resonant frequency of 92.64 MHz. Each IDT w
of length 40l IDT with an aperture of 65l IDT and the sepa-
ration between IDTs provided a center-to-center propaga
path of 9.011 mm. To obtain a range of guiding layer thic
nesses, the polymer was successively spin coated acros
whole device and then the device hardbaked at 200 °C fo
min. After each spin- coating step, the frequency spectrum
the device was measured and the resonant frequency an
corresponding group time delay recorded using a netw
analyzer~Agilent 8712ET!. The phase velocity was deduce
from the frequency change at minimum insertion loss and
group velocity from the group time delay at the frequen
corresponding to minimum insertion loss; the error on
group velocity measurement was around610%. To provide
an independent measurement of the group velocity, a s
rate pulse mode system was also used to measure the t
time of a short~100 ns! pulse of rf at the same resona
frequency and group velocities were subsequently calcula
The pulse mode system used for these experiments ha
ready been described in detail in a previous report.13 The
results showed that group velocities calculated from the
methods agreed to within 5%.

The points in Fig. 5 show the measured phase and gr
velocities~upper and lower points, respectively! plotted as a
function of z5d/l l , wherel l5v l / f . The dotted curves are
fits of the Love wave theory to the data points, based upon
elastic mass guiding layer usingr l52600 kgm23 and
v l51100 ms21. The value ofr l used in fitting the Love
wave theory to the data is significantly different from t
measured value ofr l51100 kg m23 and is needed to provid
a less sharp and more rounded curve through the data p
in the regiond/l l;0.2. We also performed experiments u
ing Love waves generated from an SSBW mode on
Quartz and again needed to use an effective guiding la
density to accurately fit the data in the regiond/l l;0.2. The

FIG. 5. Experimental data for variation of Love wave phase and gr
velocity with increasing guiding layer thickness~upper and lower data, re
spectively!. The dotted curves are fits from Love wave theory.
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reasons for the need for an effective layer density are
obvious, but two possible candidates are the use of
SSBW mode to generate the Love wave and the use
viscoelastic polymer guiding layer rather than an elas
solid. In either case, the precise fitting parameters used
not influence the comparison between the two methods
determining the experimental values of mass sensitiv
which is the purpose of these experiments. The layer sh
speed used in fitting the data is consistent with values kno
for PMMA and is consistent with data for higher-order Lov
wave modes.19

To obtain two estimates of mass sensitivity,Sm
a andSm

b ,
from the experimental data we use Eqs.~4! and ~8!, respec-
tively. Rewriting Eq.~4! usingx for the guiding layer thick-
ness and usingvp5v l gives

Sm
a 5

1

r l
S d loge v

dx D
x5d

. ~11!

The data for the phase speed was used to obtain simple
timates of the slope of logev, using the difference betwee
one value and the next and, henceSm

a , at the experimenta
thicknesses. The second estimate of sensitivity,Sm

b , was ob-
tained using Eq.~8!. These two estimates are plotted again
normalized thickness in Fig. 6;uSm

a u is indicated by triangles
and uSm

b u by diamonds. It is notable that the absolute val
for sensitivity is highly sensitive to changes in the estim
of the layer thickness,d. An error in calibration of the guid-
ing layer thickness can have a significant effect on the ab
lute value of the sensitivity, while not altering the overa
shape of the curve. While Eq.~11! has only one explicit
factor of d, it should be noted that the phase speed is a
dependent ond through the combination ofd f /v l and this
increases the significance of any error ind. To further com-
pare the two methods of estimating mass sensitivity, Fig
plots uSm

a u againstuSm
b u. Although there is a slight offset o

22.6 on the intercept, the slope on this graph is 1.06 clos
unity indicating the two methods are consistent. IfSm

a is
calculated from the experimental data using backward dif
ences of the slope of logev, slightly different values of slope
and intercept occur, but the slope remains close to unity.

pFIG. 6. Mass sensitivity with increasing guiding layer thickness:uSm
a u ~tri-

angles! by using phase velocity and Eq.~4!, uSm
b u ~diamonds! by using phase

and group velocities and Eq.~8!.
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Figure 1 indicates that the change in group velocity w
guiding layer thickness is more rapid than that of the ph
velocity. The experimental data in Fig. 5 confirm this for t
all values ofz at which direct comparisons can be made. T
slope of the phase velocity curve at the two highest value
z may be less accurate because this corresponds to a
insertion loss. The data therefore confirms the idea that
group velocity is a sensitive parameter to mass deposit
Rewriting Eq.~9! in a form similar to Eq.~11! gives,

Sm
g 5

1

r l
S d loge vg

dx D
x5d

, ~12!

and Sm
g can be evaluated from the experimental data in

manner similar to the calculation ofSm
a . In Fig. 8, both for-

ward and backward differences have been averaged to
vide the data points. The group velocity based mass sens
ity provides a significant enhancement over the ph
velocity mass sensitivity at low to moderate guiding lay
thicknesses, although further work is needed to determine
relative accuracy with which the two types of mass sensi
ity can be determined. In this work, we have used a netw
analyzer to determine phase and group velocity, with a se
rate pulse mode system to confirm the group velocity m
surements. However, practical sensors are often base
simple circuits implementing the measurement of phase
locity via phase shifts typically using a mixing between
detected signal and a reference continuous wave. This

FIG. 7. Comparison of the two methods of measuring mass sensitivity; s
line is a best fit with a slope of 1.06.

FIG. 8. Sensitivity defined using the slope of the group velocity@Eq. ~12!#.
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of phase measurement achieves a significant accuracy
cause the measurement is resolved to within a few percen
the wavelength; achieving the same accuracy with a gr
velocity based sensor system is more difficult. However,
significant enhancement achievable via the group velo
over the phase velocity mass sensitivity at low to moder
guiding layer thicknesses~for a given Love wave mode! may
prove equally important as this is the range of guiding la
thickness to which the sensor is likely to be limited for t
first Love wave mode given the high insertion loss with lar
polymer thickness.

IV. CONCLUSION

It has been shown that dispersion in acoustic wave s
sors is an intrinsic and important property when they
used for mass sensing. This dispersion is particularly str
in Love wave devices and is strongly related to the high m
sensitivity that these sensors possess. A formula relating
difference in group and phase velocities to the mass sens
ity has been derived and this formula is applicable to b
Love wave and other acoustic wave sensors. The applica
ity of this formula has been confirmed experimentally usi
a Love wave device consisting of a polymer on an 36°XY
Lithium Tantalate substrate operated at a frequency aro
93 MHz. It has also been suggested that the group velo
may be a good sensor parameter.
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