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Abstract

Surface acoustic waveguides have found an application for (bio)chemical detection. The mass modification due to surface adsorption leads
to measurable changes in the propagation properties of the waveguide. Among a wide variety of waveguides, the Love mode device has
been investigated because of its high mass sensitivity. The acoustic signal launched and detected in the waveguide by electrical transducers
is accompanied by an electromagnetic wave; the interaction of the two signals, easily enhanced by the open structure of the sensor, create:
interference patterns in the transfer function of the sensor. The interference peaks are used to determine the sensitivity of the acoustic device.
We show that electromagnetic interferences generate a distortion in the experimental value of the sensitivity. This distortion is not identical
for the two classical instrumentation of the sensor that are the open and the closed loop configurations. Our theoretical approach is completed
by the experimentation of an actual Love mode sensor operated under liquid conditions and in an open loop configuration. The experiment
indicates that the interaction depends on frequency and mass modifications.
© 2004 Published by Elsevier B.V.

Keywords:Surface acoustic wave; Electromagnetic wave; Love mode; Interferences; Gravimetric sensitivity; Biosensor

1. Introduction used for that purpose, Love mode sensors have attractedsan
increasing interest during the last decf®ld]. A Love mode &
Acoustic waves guided by the surface of solid structures is guided by a solid overlayer deposited on top of a subs
form waveguides used as delay lines and filters in telecom- strate material. The usual substrates are piezoelectric ma-
municationg[1]. Waveguides support different modes with terials like quartz, lithium tantalate and lithium niob§é.
specific strain and stress fielf. The acoustic velocity of  Associated to specific crystal cut of these substrates, the Loxe
each mode depends on different intrinsic and extrinsic pa- mode presents a shear-horizontal polarization that makeseit
rameters such as the mechanical properties of the materialssuitable for sensing in liquid media. a3
the temperature or the applied pressure. Waveguides are used Current research in Love mode sensors concerns the guid-
as sensors when the velocity change is linked to environmen-ing materials in order to optimize the sensitivity, that is thes
tal changes. For gravimetric sensors, the outer surface of thevariation of the acoustic signal under surface modificationss
waveguide is exposed to mass changes. Due to the confineTypical materials under investigations are dielectrics like silix
ment of the acoustic wave energy close to the surface, thesecon dioxide and polymers, and more recently semiconductoss
sensors are well suited for (bio)chemical sensors operatingwith piezoelectric properties like zinc oxif@-8]. Although 4
in gas or liquid media. Among a wide variety of waveguides the dispersion relation for Love mode is well set and the des
pendence of the sensitivity of the liquid loaded sensor to the
overlayer thickness has been thoroughly investigigetil], s
* Corresponding author. Tel.: +32 16 281211 fax: +32 16 229400. little has been devoted to study the role played by the structuse
E-mail addressfrancisl@ieee.org (L.A. Francis). of the sensor and their transducers. 54
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Inthis paper, we investigate the role played by the structure GUIDING LAYER(S)
of the sensor and by the interferences between the acoustic _mEm--mmm AEm--uuw
and the electromagnetic waves on the sensitivity. In the first
part, we present a general model of the transfer function in- PIEZOELECTRIC SUBSTRATE

cluding the influence of electromagnetic interferences. In the
second part, we show how these interferences modify the sen-

sitivity in open and closed loop configurations of the sensor. INPUT IDT OUTPUT IDT
Finally, these effects are illustrated experimentally on a Love
mode sensor.
W SENSING
AREA
2. Modeling
SUBSTRATE
Waveguide sensors consist of a transducing part and a PAE <4+——»D
sensing part. The transducing partincludes the generation and < > L

the reception of acoustic signals and their interfacing to an
electrical instrumentation. The most common transducers are

the widespread interdigital transducers (IDTs) on piezoelec- _ i
tric substrates introduced by White and Voltmer in 1955 wave and therefore is detected at the output transducer with-

Although the transducing part can be involved in the sensing 0ut noticeable delay. At the output transducer, the two kinds

part, practical sensing is confined to the spacing between the®f Waves interact with an amplitude ratio, denotedwyhat 1
transducers. This confinement takes especially place wher'€ates interference patterns in the transfer fundi¢a) of 10
liquids are involved since these produce large and unwantedthe delay line. The t_ransferfunctlon itself is given by t_he rapﬁo
capacitive coupling between input and output electrical trans- ©f the output to the input voltages. The transfer function with:
ducers. This coupling dramatically deteriorates the transfer €/€ctromagnetic interferences is modeled by the following

Fig. 1. Structure of the acoustic device.

function and is an important issue for the instrumentation and eguation: 13

the packaging pf the. Sensors. . H(w) = Hr(o) exp(ciot) + aHr(o) . 2) e
The sensor itself is configured as a delay line formed by —_—

two transducers separated by a certain distance. The sensor delay line EM coupling

can also be configured as a resonator but we will restrict our  The transfer functiottr(w) is associated to the design ofus
approach to the delay line configuration because the operatione transducers. The total transfer function can be rewritten
principle in these two configurations is not similar. The Love 5¢ H(w) = || H(w)| exp(i$) where expressions for the amau

mode sensor is sketched filg. 1 Transducers with a con-  pjitude || H(w)|| and the phase are obtained with help of ws
stant apodization are identified to their midpoint; the distance ¢omplex algebra:

between the midpoints is and the interdigitated electrodes

119

have a periodicity.t. The sensing part is located between || H(w)| = || HT(®)|l|lv/1+ 2« cost) + o2||; (3) 10
the transducers and covers a total lenBtko thatD < L. .

The guided mode propagates with a phase veldcity w/ k, = o — arctar(M) (4) =
wherew = 2xf is the angular frequency aikd= 27/ is the @ + cos(r)

wavenumber. The waveguide is dispersive when the group  Thg phasebo corresponds to the packaging of the senses
velocity (Vg = dw/dk) differs from the phase velocity. and is due to different aspects linked to the instrumentatias.

The velocity is a function of the frequency and of the || pe assumed independent of the frequency and of the
surface density = M/Afora r|g|dly bound gnd_non VISCOUS  sensing event. The synchronous frequengy= 2rfr is de- s
massM per surface ared For an uniformly distributed mass,  tarmined by the design of the IDTs and is generally equal i
the surface density is rewritten in terms of material density  {ne maximum amplitude of Hr(w)|| when the wavelength s

and thickness by o = pd. The phase velocity for an initial ¢ the acoustic wavee matches the transducers periodicityss
and constant mass is denotedVp, and the group velocity AT.

129

Vgo. Inthe sensing part, the phase velocityiand the group The relationg3) and (4)are the sources of ripples in thewo
velocity Vg. According to this model, the transittimeéonthe  ransfer function atthe ripple frequengys ~ 277/, its exact s
delay line is given by expression depends also of the dispersion on the line. Inter-
D L—-D ference peaks corresponding to the maximum effect are ab-
=y Vo 1) serv_ed at quantifie_d frequencigswhen cos(zf,t) = —1, 1
o that is for frequencies such that 135
Electromagnetic interferences are due to the cross-talk be-
tween the IDT$13]. The electromagnetic wave (EM) emitted £ = 2n+1 (5) 1
=

by the input transducer travels much faster than the acoustic 2t
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wheren € N is the interference mode number. A direct rela- 10 . : ; : , : .
tion to the velocity in the sensing area is obtained from this 2
latter equation as seen by replacing the transit tinby its i
definition: ©
2DV, 3
V= 0/n ) (6) &,
20+ Vo + 20D — L) fa Y. M.V
i . -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
The interference mode numbers are determined by con- (@-0y)/a [%]
sidering the uncovered delay line; in such c&#se- Vy and
D = L, andn for the interference peak located below the n
synchronous frequency (i.e. fg), < ft) is given by g
L 1 2 o ]
n=|—-> (7) 8 °
)\.T 2 o \\
while the other peaks are labeled subsequently to their posi-  _| ‘ ‘ ‘ ‘ ‘ ‘ .
tion with respect to the peak referenced by &9- -08 -06 -04 -02 0 02 04 06 08

The relative amplitude peak to peak of the perturbation
on the amplitude has a maximum effect (in dB) equals to
40log[(1+ «)/(1 — &)]. The amplitude (in dB and normal-
ized to have|| HT(w)|| = 1) and the phase (in radians) as a
function of the frequency are simulatedfigs. 2—5for dif-
ferent values o#.

Under the influence of the interferences, the phase has
different behaviors function af:

Fig. 3. Relative insertion loss (top) and phase (bottom) of the transfer func-
tion fora = 1/2.

Relative I.L. [dB]

L L L

(1) whena = 0 (no interferences), the phase is linear with 08 06 04 02 o0 02 o024 o6 o8
the frequency and has a periodicity equal #o(Eig. 2); (-0, [%]

(2) whena < 1, the phase is deformed but has still a peri-
odicity equal to Z (Fig. 3); /2 , - , - - - ,

(3) whena =1, the phase has a periodicity equal 7to
(Fig. 4);

(4) whena > 1, the periodicity is lower than (Fig. 5);

(5) whena — oo, the phase is not periodic anymore and its
value tends t@y.

Phase [rad]

—Tt/2 L L L L h L I
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

This specific behavior of the phase under the influence of
the electromagnetic interferences has to be considered whilerig. 4. Relative insertion loss (top) and phase (bottom) of the transfer func-

evaluating the sensitivity. tion for o = 1.
30 T

1 T T T T T o
— k=2
g 0.5 E 20
= o £
4 <
= T
w05 &
© 0 ‘ . ‘ . . ‘
o 1 . 1 L L L 1 L -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

-08 -06 -04 -02 0 02 04 06 08 (0~ Yo [%]

(-0, )/, [%] om0
b T , ! ; T /2 T T ! . T

Phase [rad]
o
Phase [rad]
§

— I L L | h L L —Tt/2 L L L L L L 1
-0.8 -0.6 —0.4 -0.2 0 0.2 0.4 0.6 0.8 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

Fig. 2. Relative insertion loss (top) and phase (bottom) of the transfer func- Fig. 5. Relative insertion loss (top) and phase (bottom) of the transfer func-
tion fora = 0. tion fora = 2.
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3. Sensitivity function of the frequency and of the surface density: 214
Changes in the boundary condition of the waveguide due P(w, V(w, 0), Vo(o)) = —ot (11) s

to the sensing event modify phase and group velocities. As D L—-D

consequence, the transittime of the delay line and the phase ofp(@, V(. 0), Vo(»)) = —» (V + Vo ) (12) 2

the transfer function are modified. The sensing event is quan-
tified by recording the phase shift at a fixed frequency (open  Therefore, the total differential of the phase is 217
loop configuration) or the frequency shift at a fixed phase
(closed loop configuration). This quantification gives rise to

the concept of sensitivity. The sensitivity is not an unique g _ (% L% v 99 %) do

concept for acoustic sensors because various parameters in- Wlyy,  WVlpy 00l  Vol,y do

fluence the acoustic velocity. As example of such parame-

ters, there is the density and the viscosity of liquid solutions + % ﬂ do (13)

and adsorbed biomolecules film when the device is used as Vo, vo 99 1o

biosensor. The sensitivity is the most important parameter in

design, calibration and applications of acoustic waveguide g g

sensors. Its measurement must be carefully addressed in ord¢ = - ~-| do + —~| do (14)  zs
o w

der to extract the intrinsic properties of the sensor.
The derivative of the phase velocity as a function of the

3.1. Definitions of the sensitivity frequency comes from the definitions of phase and group
velocities; at constant surface density, we have ffbij: 21
The velocity sensitivitySy is defined by the change of v v
phase velocity as a function of the surface density change at — | =1 (1 — —) ; (15) 22
a constant frequency. Its mathematical expression is given by 7% lo Vg
[10]: dvp 11 Vo
—_— = 0 e — . (16) 223
19V do Vgo
7 lo The other partial differentials are obtained by differentia:.
The definition reflects the velocity change in the sensing tion of Eq.(11). 225
area only while outside this area the velocity remains unmod- o
ified. The expression is general because the initial velocity — = —1 (A7)  2e
V of the sensing part does not need to be equadlgtathis 9o [y, v,
situation occurs in practical situations where the sensing part
: . . . ! op T
has a selective coating with its own mechanical properties, Tl = —T—w — (18) 27
leading to an initial difference betwedhand Vo. @ls wle
To link the sensitivity (caused by the unknown veloc- 3¢
ity shift) to the experimental values of phase and frequency ol = —Tgs (19) s
shifts, we introduce two additional definitions related to the 7
open and the close loop configurations, respectively. The 3¢ wD
phase sensitivity, is defined by 3 = vz’ (20) 2
¢ Wlov, V
1 d¢
Sp = ——, 9) ) o(L — D)
- == 7 21
kD do o | | Vo oy Vg (21) a0
and thefrequency sensitivity,, is defined by
The time of flightry introduced in Eq(19)is calculated 2
S, = 13—0) (10) as 232
ad D L-D
. . ) . 9= - =+ . (22) 233
3.2. Phase differentials without interferences Vg Vgo
In order to point clearly the effects of the electromagnetic 3.3. Open loop configuration 234

interferences on the different sensitivities presented in the

previous section, we calculate the phase differentials in the In the open loop configuration, the input transducer is exs
ideal case of no interferences. For that case, the phase otited at a given frequency while the phase difference betwegn
the transfer function is a function of the frequency and of output and input transducers is recorded. This configuratien
the velocities in the different parts of the sensor, themselveswith a constant frequency hagd= 0 in Eq. (13); related 2
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phase variations caused by surface density variations are ob- ~ 100——— P
tained by i ! I Y
1 1 1
sof | o o o
[ '
d_¢ = % ﬂ (23) Do ' ' - foh
do 9V do 0t L ;N L lu=0
,Vo @ 'o\? U ‘\ 1 Al ’ \ 7 \
.ﬁ> ‘ \~~_"I \\N-—’,/ \\\—’,/ \0(=1/2
d 0 g
9 _ % VSy. (24) e —- -
do v w,Vo UI)e N 1" * e A . A K o=2
. L . ~ -100 \\ ,’ ‘- ll : - “ 1 |o=Inf
In the absence of interferences, phase variations obtained Vo Vo o .
. . . . 1 1 1 1
experimentally are directly linked to velocity changes by the 1500 Vo ' ' o v
. . - 1 1
productk D involving the geometry of the sensor as seen by ! i Vi i
replacing Eq(20)in Eq. (24). O T R A I
-08 -06 -04 -02 0 02 04 06 08
do (0-a)/e, [%]

do

. Fig. 6. Phase sensitivity at constant frequency as a function of the relative
In other wordsSy = Sy when there are no interferences.  frequency for different values of simulated interferences obtained by Eq.

In a first approximatiork is assumed equal tbr, an as- (7).
sumption valid as long as the phase shift is evaluated close
to the synchronous frequency and for waveguides with low

dispersion. The wavelength is only known when the sensing 3-4. Closed loop configuration 278
part extends over the transducefs£ L). In that case, the . _ _
transfer function of the IDTs is modified accordingly to the ~ Inthe closed loop configuration, the frequency is recorded

velocity changes. In practice, the value of the sensitivity is While a feedback loop keeps the phase difference between
slightly underestimated to its exact value sirice kT, the output and input transducers constant. The configuration.at

error being less than 5%. constant phase hagd= 0, the variation of the frequency ass.
In the case where interferences occur, the partial differen- @ function of the mass change is given by introducing this
tial of ¢ with respect to the velocity is obtained by differen- condition in Eq.(14): 204
tiation of Eq.(4): )
al < 1+« cos@r) ) wD 6 j—i: = (% w) (% G) . (30) s
WV vy 1+ 20 cosgr) +a?) V2’

The upper term is replaced by E@4). The phase slope 2

and the phase sensitivity is obtained by combining the latter as a function of the frequency at constant mass is obtained

equation with Eq(24):

by differentiation of Eq(4): 288
1+ o cosgr)
So = <1+ 20 cosgr) + a2> Sv. 27 % = — < 1+ o cospr) > Tg. (31) 2
dw |, 1+ 20 cost) + a?

The influence of electromagnetic interferences on the
phase sensitivity is simulated irig. 6 versus the relative We can establish a finalized equation taking into accousat
frequency for different values ef. The phase sensitivity is  the electromagnetic interferences by combining Egd), 2
always different compared to the velocity sensitivity. For the (26) and (31)n Eq. (30): 202
threshold valuex = 1, the phase sensitivity present a sin-
gularity and is undefined; for higher valuesafthe phase _ DSy (32)
sensitivity is always underestimated to the velocity sensitiv- ~* ~ "y ° .
ity.

The interference peaks permit a direct evaluation bé- At the opposite of the open loop configuration, the frees
cause at these points ces) = —1 and Eq.(27) becomes  quency sensitivity is not influenced by the interferencess
linear witha: However, as indicated by Ed32), the frequency sensi- »s

V2 a4 tivity is strongly dependent of the structure of the sens

a=1— — —— (28) sor and the dispersion characteristics of the delay line

@D V], v, As result, the link between the frequency sensitivity ane

the velocity sensitivity is difficult to exploit although it a0

a=1-— S_V (29) can be noticed tha$,, < Sy sinceVy < V for Love mode o
So devices.
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4. Experimental results

For the practical consideration of the described and mod-
eled behavior, we investigated a Love mode sensor. It was
fabricated and tested under liquid condition in the open loop
configuration to evaluate the influence of the electromagnetic , , ‘
interferences. In a first part, the sensor fabrication and in- 122.5 123 1235 124 124.5
strumentation is described, followed in a second part by the Frequency [MHz]
application of the model to these results to demonstrate the T
influence of the interferences on the sensitivity of the sensor.

Insertion loss [dB]

|
D
[=]

4.1. Sensor fabrication and instrumentation

Phase [rad)]
[=]

The Love mode was obtained by conversion of a surface : , E
skimming bulk wave (SSBW) launched in the direction per- P T e e s
pendicular to the crystalling axis of a 50Qum thick ST-cut
(42.5 Y-cut) quartz substrate. The conversion was achieved Fig. 7. Initial aspect of the experimentally recorded transfer function of the
by a 1.2um thick overlayer of silicon dioxide deposited on Love mode sensor Wi_th (da_shed line) and v_vit_h_out (solid line) an overlayer
the top side of the substrate by plasma enhanced chemicaf! 200 "M of gold. This device presents an initial phase= =, leading to -

L a vertical offset byr compared to the simulated phase curve represented in
vapor deposition (Plasmalab 100 from Oxford Plasma Tech- gy 5
nology, England). Via were etched in the silicon dioxide layer
using a standard $FO; plasma etch recipe. This process
stopped automatically on the aluminum contact pads of the 4.2. Correlation of the results with the model 354
transducers.

The transducers consist of split fingers electrodes etched The correlation of the experimental results with the modek
in 200 nm thick sputtered aluminum. The fingers ajen®d is presented in two steps. In the first step, we show the cal-
wide and equally spaced byu®n. This defines a periodicity  culation of the phase velocity from the interference peaks;
A1 of 40um. The acoustic aperture defined by the overlap and in the second step, we evaluate the mass sensitivity
of the fingers is equal to 8@ (=3.2 mm), the total length of in the open loop configuration by the delay phase angie
each IDT is 10@t (=4 mm) and the distance center to center and the phase velocity variations recorded during the gold
of the IDTs is 2251 (L = 9mm,D = 5mm). etching. 31

The sensing area was defined by covering the space left The record of the interference peaks frequeficguring s
between the edges of the IDTs by successive evaporation and sensing event permits to follow the evolution of the phase
lift-off of 10 nm of titanium and 50 nm of gold in a first ex-  velocity in the sensing area either for constant and integer
periment, and 200 nm of gold in a second experiment. The values of the interference mode numbeas given by EQ(6), s
fingers were protected against liquid by patterning photosen-
sitive epoxy SU-8 2075 (Microchem Corp., MA) defining
120p.m thick and 8Qum wide walls around the IDTs. Quartz
glasses of 5mmx 5 mm were glued on top of the walls to
finalize the protection of the IDTd.4].

The device was mounted and wire-bonded to an epoxy
printed circuit board and its transfer function was recorded
on a HP4396A Network Analyzer. This setup corresponds to , ‘ ‘
the open loop configuration. Epoxy around the device cov- 1225 123 1235 124 1245
ered and protected it and defined a leak-free liquid cell. The Frequency [MHz]
sensing area was immersed in a solution of K(4 and 1 g, T
respectively, in 160 ml of water) that etched the gold away
of the surfacd15]. The transfer function of the device was
recorded every 4 s (limited by the GPIB transfer speed) dur-
ing the etching of the gold with a resolution of 801 points
over a span of 2 MHz centered around 123.5MHz. The ini- . ‘
tial transfer function of the device is presentedrig. 7 with 1225 123 1235 124 1245
and without gold. The transfer function during etching of the
200 nm is shown at two mofgelI3¥4 and 356 s after etChlr]gferent moments of the etching of 200 nm of gold (solid line after 44 s and

start) inFig. 8 The total time for this etching was approxi- dashed line after 356 s). The solid line shows a value dbse to 1 around
mately 620 s. 123.5MHz.

Insertion loss [dB]

~
N

Phase [rad]
o

! ~

0
1
1
1
1
1
1
1
1
RN
1

I~
~
S 1 ~

Fig. 8. Aspect of the experimentally recorded transfer function at two dif-
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124.5

]
w
o

|
N
o
T
N
1
¢
~

124

|
(41
o

1
v 0=0.33 !
\U

Insertion loss [dB]

|
D
o

123.5

123.51 Frequency [MHz]

~ ~
~
~
~
\
\

\

T
\\,ﬂ
.

Frequency [MHz]

1231

Phase [rad]
o

NN
~

T ~
f 1
1 1
f 1
f 1
f 1
f 1
1 1
f 1
1 1
1 1
1 1
1 1

E,-\

122.5

200
Time [s]

300 122.5 123 123.5 124 124.5

Fig. 11. Evaluation o at the position of the interference peak.
Fig. 9. Interferences mode in the amplitude of the transfer function as a

function of time and frequency.

. . tween two peaks is obtained by differentiation of @)with s
either by sampling the mode numbers ata constant frequencyrespect to: -

Fig. 9plots the interference peaks versus time and frequency
for the etching of the 200 nm thick gold layer; the interference 9V
mode numbers were attributed according to Eq$§) and (7)
with Vo = 4940 m/s (given by the synchronous frequency of
fr = 1235 MHz times the transducers periodicity). which gives a variation roughly equals t640 m/s between sss
The evolution of the velocity in the sensing area with time tWo peaks at the three sampling frequencies. From the acous-
is representative of the etching rate of the gold layer and fic velocity variation (4610 m/s for 200 nm gold to 4940 m/s:
is plotted for three different frequencies (123.5, 123.75 and When all the gold is etched) and by assuming that gold has
124 MHz) inFig. 10 Atthree different frequencies, the values @ density ofp = 193 g/cn?, we have an evaluation oy s
of velocity should differ as a function of the group velocity. €duals to—173cnf/g. Because the phase loses its periodn
This effect is seen better when the probing frequencies areiCity for the thick gold layer, we were not able to deterss
taken far away from each others and for a strongly dispersiveMine a value for the phase variation and consequently we
delay line, which is not the case for the experimental device have no value foiS,. The Eq.(28) was employed to esti-
presently used. mate the value o& at the interference peak; the result isss
At constant frequency, the peaks are Spaced by an unitdisplayed |nF|g 11that demonstrates a variation @fwith 396

variation ofn, therefore the velocity difference measured be- the frequency. Around the synchronous frequencgquals
0.33 and the phase has a periodicity af, Dut as the fre- s

o~ 4DVZf,
T [@n+DVo+2(D - L) f]?

-— (33) 385
dn SfnsVo

Velocity [m/s]
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quency is far from the synchronous frequeneygclearly s
change above the critical value of 1 (in the present case,
a = 5.7). The consequence is seen in the phase that presents
at this point of calculation a positive slope and a periodicity:
belowr. 403
We applied the same procedure to the thinner gold layer
of 50 nm.Fig. 12 shows the transfer function recorded bews
fore and after the gold etching; the interference mode nums
ber 225 has been followed and give a velocity varying from
4876.51t0 4940 m/s. The resulting velocity sensitivitfys= 40
—96 cnf/g. This value is lower than the one obtained by etch
ing of the thick gold layer since a thicker layer enhances the
sensitivity due to a better entrapment of the acoustic energy
in the top guiding layer. 212
The phase sensitivit§, could be calculated for frequen-as
cies wherex remained inferior to the critical value of 1, thatu.
is close to the synchronous frequency. The result is plottae

Fig. 10. Evaluation of the acoustic velocity on the sensing are during the VEISUS the frequency ?ﬁig- 13and comp.are.d with the es-us
etching of the gold as a function of time for different values of frequency.  timated value ofSy while the values ofr indicated on the 4
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Fig. 12. Transfer function before and after the etching of 50 nm of gold. The
arrows indicate the interference mode 225 followed to estimate the velocity
sensitivity.
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Fig. 13. Phase sensitivity relative to the velocity sensitivity as a function

of the frequency and computed from the experimental data obtained by .

etching 50 nm of gold. Oscillations are attributed to the electromagnetic
interferences.
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ful inspection of the transfer function. The amplitude of the.
transfer function peak to peak is supposed to be the product
between the transfer function of the transducers and the ia-
terference, and therefore an evaluatiorr @ possible if the 43
transfer function of the transducers only is known. Howeves,
the experiment shows thatis a function of the frequency s
and the surface density, indicating that finding its exact value
is not straightforward. Only the phase indicates whethisr 43
higher or lower than one.
In term of sensitivity, wheix > 1 the phase has a period-us
icity P inthe range Oz. We suggest the following correctionaso
to the experimental phase sensitivity:

438

441

(34) 442
This modification gives a better evaluation of the velocitys
sensitivity by stretching the phase of the transfer function e
2. Only the extraction dP is notimmediate since it dependsus
upona. From a physical point of view;, indicates the strength s
of the electromagnetic wave in comparison with the acoustie
wave. For a constant amplitude of the EM wave, a higheras
stands for a larger attenuation of the acoustic wave; its precise
value is an indication of the actual attenuation of the acoustie
wave along the delay line.
The observation of the interference peaks in the expesi-
mental part was facilitated by the large velocity change ims
duced by the gold coating. Indeed, 50 nm of gold corresponds
to a surface density of 96 F/cn?, a relatively large shiftin ass
comparison to the targeted (bio)chemical recognition applis
cation where molecules films surface density are in the order
of hundreds of ng/cfand even lower. The calibration of thesss
sensitivity is best recorded by adding or etching thin layers af
materials and that under the operating conditions of the sedq-
sor, especially if liquids are involveld 6]. In (bio)chemical s
measurements, the precision on the velocity measurementae-
pends upon the assessments on the initial conditions/j.e.se
andn) but also on the induced variation of velocity, whiches

451

is function of the velocity sensitivity of the waveguide. Thess
evaluation of the mass sensitivity by the frequency variation
of an interference peak is identical to a closed loop measuse-
ment locked on the interference peak instead on a constant

graph have been estimated at the interference peaks thanks tgalue of the phase. For the detection of a minimum value &f

Eq.(29). The graphs shows that the interferences modify the
value of the sensitivity as given by EQ7). A comparison of

theFigs. 6 and 13hows the correlation between the theoret-
ical modeling of the effects of electromagnetic interferences

on the sensitivity of the surface acoustic waveguide sensorAf, =

and the experimental results.

5. Discussion

Electromagnetic interferences have a clear effect on thewaveguide sensors.
transfer function of the acoustic device because of the ripples

they cause. The interaction modeled as a constant factor

is specific to each device and must be identified by a care-

the surface densitixo, the frequency shift of an interferenceso
peak must be measured with a precision estimated from 4.
(32):

472

DSy fn
Vg

Ao, (35) s
that givesAf, /Ao ~ —6.5cn? Hz/ng in the present case.in
The detection of a monolayer of proteins, about 400 ng/cms
requires to detect a frequency variation of 2.6 kHz, whichs
is compatible with the instrumentation of surface acoustie
478
One benefit of our calculation method resides in the poss
sibility to still measure the acoustic velocity in the sensingo
area even when the electromagnetic and the acoustic waxes
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