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Vector network analyzer measurement of the amplitude of an electrically
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Surface acoustic waves are used in magnetism to initiate magnetization switching, in microfiuidics to
control fluids and particles in lab-on-a-chip devices, and in quantum systems like two-dimensional
electron gases, quantum dots, photonic cavities, and single carrier transport systems. For all these
applications, an easy tool is highly needed to measure precisely the acoustic wave amplitude in order
to understand the underlying physics and/or to optimize the device used to generate the acoustic
waves. We present here a method to determine experimentally the amplitude of surface acoustic waves
propagating on Gallium Arsenide generated by an interdigitated transducer. It relies on Vector
Network Analyzer measurements of S parameters and modeling using the Coupling-Of-Modes theory.
The displacements obtained are in excellent agreement with those measured by a very different
method based on X-ray diffraction measurements. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4974947]

I. INTRODUCTION

In recent years, the range of applications of surface
acoustic waves (SAWs) has greatly increased. Excited elec-
trically using interdigitated transducers (IDTs), they are rou-
tinely used as band pass filters in RF microelectronics up to
3GHz,! in touch-sensitive screens and biological/chemical
sensing.” In more academic environments, they are used in
magnetism, in microfluidics and in quantum systems. In
magnetism, SAWs can assist magnetization switching in
ferromagnetic magnetostrictive thin films and nanostruc-
tures®'” for magnetic data storage application. The effi-
ciency of that switching is related to the amplitude of the
SAW. Surface acoustic waves have also been proposed as an
alternative method for synchronously propagating and pin-
ning domain walls in magnetic nanowires for applications in
racetrack memory devices.'""'? It was found that the velocity
of propagation of the domain walls depends on the amplitude
of the SAW. In the area of microfluidics, recent research
demonstrates that SAWs provide an effective means to
manipulate fluids (fluid mixing,lz’*15 translation,lcFlg jetting,19
and atomization®”) and manipulate particles (handling,*' focus-
ing,%* separation,”?* sorting,”° concentration,”’ " and re-
orientation®') in lab-on-a-chip devices for applications in
chemistry, biology, and medicine. The ability for a SAW to
mix, translate, jet, and atomize droplets is dictated by its ampli-
tude. For small amplitudes, fluid mixing is favored; for inter-
mediate amplitudes the droplet is translated, and for higher
amplitudes one can observe fluid jetting and atomization.
Other systems that call for quantitative SAW analyses are
quantum systems such as quantum dots,*~ photonic cavi-
single carrier transport systems,”” ' and SAW driven
single electron transport (SAW/SET) in two dimensional
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electron gas (2DEG) heterostructures*>** like GaAs/Al Ga,_,
As. In 2DEG heterostructures, the SAWs can induce a quan-
tized current / = nef, where n is an integer, e is the elementary
electron charge and f is the frequency of the SAWs. For
metrology applications this current needs to be generated with
some accuracy. It was demonstrated that the accuracy of the
quantized current can be enhanced by reducing the microwave
heating.** To achieve this goal, the interdigitated transducers
must be optimized in order to reduce the RF voltage applied to
the transducers without reducing the amplitude of the SAWs.
These active developments around the use of SAWs call
for an easy method to quantify their amplitude. Finite ele-
ment modeling (FEM) is a possible route for obtaining the
amplitude of SAWs.**~*° But this method requires a high
computational time and a powerful computer hardware*® for
3D simulations. Interferometric probes® can be used as long
as the laser spot focused on the surface is much smaller than
the acoustic wavelength. Therefore, they are not useful for
high frequency surface waves. Diffraction-based methods in
the visible®™>! or X-ray domain®>~° can also give the ampli-
tude of SAWs but require an optical access to the device
under test. The need of an optical access makes these meth-
ods difficult to use in some environments like in cryogenic
spaces for example. In some recent studies, the amplitude of
Rayleigh waves excited by an IDT has been estimated by
an electrical method.*®*’>® This method is based on
S-parameter S; measurements of the SAW device by a
Vector Network Analyzer (VNA) as a function of the micro-
wave frequency. The magnitude of the reflection coefficients
S;; exhibits a dip at the frequency f; of emission of the acous-
tic waves. Without considering the effects of the fixtures, the
acoustic reflections between the IDT fingers and electrode
sheet resistance, the electric power converted into acoustic
power is then estimated by P, = A\S,»i|279rf, where Py is the

Published by AIP Publishing.


http://dx.doi.org/10.1063/1.4974947
http://dx.doi.org/10.1063/1.4974947
http://dx.doi.org/10.1063/1.4974947
mailto:ibrahima.s.camara@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4974947&domain=pdf&date_stamp=2017-01-26

044503-2 Camara et al.

RF power applied to the IDT and A|S;;|* is the amplitude of
the dip. After that, the amplitude of the SAW is calculated
by solving the equation P, = 2Psaw where the factor 2
accounts for the bidirectional emission of two waves, and
Psaw is the total acoustic power flow across the acoustic
beam and is given by”°

o]

Psaw = 2vaR7r2f02J ||iZ(x, 2)|[*dz, (1)

0

where p, W, vg, and i(x, y, z) are, respectively, the density of
the substrate, the aperture of the transducer, the velocity, and
the particle displacement vector of the Rayleigh wave in a
reference frame associated to the substrate. This method
based only on the |Sii|2 dip, has no theoretical grounds, and
we will show that it underestimates the displacement when
electric losses in the transducer are not negligible. In this
manuscript another strategy is considered to calculate the
amplitude of the displacements from S-parameter measure-
ments. By using the Coupling-of-Modes (COM) model and
the P-Matrix formalism, a complete characterization of the
SAW device and the fixtures is performed in order to include
the effects of the peripheral circuit, the IDT electrode resis-
tance, the acoustic attenuation beneath the transducers and
the acoustic reflection due to the thin metal electrodes. The
obtained displacements are then compared to the acoustic
displacement measured directly by X-ray diffraction. The
COM model was recently implemented to optimize the IDT
design for minimum microwave heating.*> Here we use it to
extract the acoustic wave induced displacement, which we
compare to those measured directly by X-ray diffraction.

Il. SAMPLE

A surface acoustic wave filter, whose schematic is
shown in Fig. 1(a), was deposited on the (001) Gallium
Arsenide (GaAs) surface. It is composed of two identical
interdigitated transducers (IDTs) separated by [y, =3 mm.
The period of the IDT fingers is 4 = 5.2 um, the metalliza-
tion ratio, 0.5, the aperture, W =2mm and the number of
IDT finger pairs, N = 60. The electrodes are made of Cr/Au
of nominal thickness 10/100nm. The excitation signal is
brought to the interdigitated transducers by means of coaxial
cables and coplanar waveguides of impedance 50 =2 Q and
straight round bond-wires. The coaxial cables have an
approximate length of /.,,,=10cm and a nominal attenua-
tion around 1dB/m between 400 MHz and 1000 MHz. The
bond wires are made of copper and have an approximate
total length /,;,. =9 mm for each transducer and a diameter
dyire=30um. The self-inductance associated to these
wires is then theoretically estimated to be? L,-.=200
Xlyire[IN(41ire [dyire)—0.75] = 11.4 nH. The scattering two-
port S-parameters of the system were measured by the
Vector Network Analyzer after an accurate SOLT (Short-
Open-Load-Thru) calibration between 0.1 MHz and 1 GHz.

Using the elastic constants C;; = 118.4 GPa, Cj, = 53.7
GPa, C4s = 59.1 GPa and the density p=35317kg/m’ of
Gallium Arsenide given by Cottam et al.,60 the allowed SAW
mode propagating on the free boundary of a semi-infinite
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FIG. 1. (a) Schematic and (b) equivalent electrical circuit of the SAW filter
and the fixtures. The fixtures are composed of coaxial lines (coax; and
coax,), the self-inductances L; and L, of the wires, the electrical series resis-
tances R, and R, and shunt resistances R,; and R, of the transducers.
R+t (x) and R (x) are the surface acoustic wave amplitudes for the forward
and backward directions, respectively. They are defined such that the associ-
ated SAW powers are |R*(x)|* and | R~ (x)|? at the point of coordinate x. (c)
The coaxial lines, inductances, and resistances are described by transfer
matrices ABCD; and ABCD,, the interdigitated transducers are represented
by P-matrices P, and P, and the gap between the transducers is represented
by the P-matrix P,.

half-space of (001)-cut GaAs was obtained by solving the
elastic wave equation.®’ This acoustic mode is of Rayleigh
type and the transducers excite the waves that propagate
along the [110] direction of GaAs with a theoretical Rayleigh
velocity of vg =2853m s~ " at 300K, corresponding to a res-
onance frequency fy = vg/4 = 548 MHz. The particle displace-
ment vector i associated to the Rayleigh acoustic mode in
GaAs, propagating towards x > 0, is given by

d(x,z)
(U ) = Up(X,2)
cos(qikrz + ¢@/2)cos(wt — kgx)
= Qe drke? 0
—rsin(gikgz — Y + @/2)sin(wt — kgx)
2

in the reference frame (x,y,z) indicated in Fig. 1(a), where
kg =2n/A and q,, q;, r, @ and Y are functions of the elastic
constants of GaAs. Their values are ¢,=0.5, ¢;=—0.48,
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r=1.34, ¢ =-2.10 rd, and  =2.61 rd at 300K and for a
propagation along [110]. The displacement components u,
and u,, along x and z, respectively, decay with depth below
the free surface and vanish within a distance of the order of
the wavelength. Since all the parameters in the right hand
side of Eq. (2) are known, the amplitude of the SAWs is only
related to the value of U which depends on the characteris-
tics of the interdigitated transducers (aperture, type of metal,
and metallization ratio), the peripheral circuits (damping in
cables, matching circuit, parasitic resistance, inductance, and
capacitance.) and incident RF power.

lll. THE COUPLING-OF-MODES MODEL
A. Description

The Coupling-of-Modes is a phenomenological model
for guided wave excitation and propagation, which is widely
employed for the design of high-performance SAW devi-
ces.>% This model has the advantage of including the
effects of propagation loss beneath the transducer, electrode
reflections, electrical transduction, and distributed finger
capacitance. Let us consider the transducer IDT; schemati-
cally represented in Fig. 1(b). Like Wu et al.’” we assume
here that the effects of the electrode resistance of the real
transducer can be accounted by simply putting a resistance
R in series with the impedance of an ideal transducer. The
value of R, can be estimated® R, ~ 8p, ,W/Nh,\ = 12.5Q,
where p,, =2.2 x 1078Q m is the resistivity of gold at
300K (Ref. 69) and 4, is the electrode metal thickness. For
an ideal transducer, the DC resistance R, between the contact
pads must be infinite (no electrical contacts between finger
electrodes connected to different contact pads and no con-
ductive substrate). For our transducer IDT,;, the measured
DC resistance is R, ; =879 Q and its effect is accounted for
by adding a shunt resistance of value R, in the circuit
model shown in Fig. 1(b).

For an incident RF signal of power P, let V| be the
voltage applied to the transducer IDT; (see Figure 1(c)). The
COM equations that govern the SAW mode amplitudes
RT(xf) and N~ (x,) generated by the transducer IDT; and
propagating in the *x directions, respectively, (see Figure
1(b)) are

d%d;w = iR (x) + KR (x) + iV, 3)
P w4 iR () Ve, @
and
dI] ()C)

& = —2ia" R (x) — 2i0R™ (x) + i2afC1Vy,  (5)
where /; is the busbar current, C; is the static capacitance of
the transducer per unit length, 6 = 2xn(f —fy)/v — iy is the
detuning parameter, and y is the attenuation of the acoustic
waves. For a metallization ratio of 0.5, C; can be theoreti-
cally approximated®®®® as C; ~ & (e, + 1)W /2 = 44 fF/um
where ¢ is the permittivity of free space and ¢, ~ 12 is the
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relative permittivity of GaAs.”” In Equations (3)—(5) the
COM parameters that have to be determined are the reflectiv-
ity x, the transduction coefficient o, the attenuation y, and
the acoustic velocity v beneath the transducer. Since the
COM equations are linear, the solutions are usually pre-
sented in the P-matrix form

?-(0) Py P Pi R*(0)
RY(Ligr) | = | P21 Pn Py | | R (Liar) |, (6)
I P31 Py Ps; Vi

where L;;; = N4 is the length of the transducer IDT}, and the
components Pj; of the P-matrix of IDT, are given by Plessky
et al.®® as functions of the COM parameters. A system of
equations similar to the one given in Eq. (6) can be derived
to describe the waves propagating over the gap between the
transducers and over the transducer IDT, yielding the P-
matrices P2 and P> of the gap and the transducer IDT,
(see Fig. 1(c)). The components of the P-matrix of the gap
are Pi = PE" = P3" =0 (j=1, 2, or 3) and P{y’ =P5}"
=exp(—i X Lyap[27f JUR — 17 gqp))-

B. Determination of the COM parameters

To recover the values of the COM parameters, the
method reported by Wu e al.®” for a one-port SAW resona-
tor was adapted to our problem. Their method is based on
the derivation of the theoretical admittance Y™° of a one-
port resonator from the P-matrix and the comparison of this
derived admittance to the measured admittance Y'PT of the
transducer. Using an optimization algorithm, they deter-
mined the COM parameters that minimize the error function
e =Y [YPT(n) — y"eo(n)|*, where Nt is the number of
data points.

Before the minimization process of the error function e,
the admittances YT and YI0T of the SAW filter, i.e., without
the contribution of the fixtures, need to be deduced from the
measured S-parameters. Figure 2(a) shows the reflection
parameter S;; of the SAW device including the contribution
of the fixtures. To obtain the admittance of the transducer
IDT; (j=1 or 2), the electrical contributions of the fixtures,
i.e., the length /.4 of the coaxial cable, the self-inductance
L; of the bond-wires, the electrode resistance R;, and the
shunt resistance R, ; need to be quantified and removed. The
electrical characteristics of the fixtures were obtained by fit-
ting separately the measured reflections Sy, and S5, of IDT,
and IDT,, respectively, to

Zi— 720 _np
S = ] —i20; 7
i Zj+ZOe ) @)
where
T ) Rp-j
Zj =iLjo +R; + (8)

1+ iRpJCjLidI(l)’

Zy=50 Q, 0; = 0leoarj\/e/c, © = 27f, & =2.1 is the rela-
tive permittivity of teflon, ¢ is the celerity of light in free
space, and the subscript j refers to the transducers (j=1 for
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FIG. 2. (a) Comparison between measured (dots) and fitted (solid lines)
reflection coefficients S;;. (b) non-time-gated and time-gated measured
amplitude of S,;. The non-zero baseline exhibited by the non-time-gated
measurements is due to the electromagnetic radiations (EMR) between the
two interdigitated transducers. Inset: Amplitude of S in time domain show-
ing the EMR, the acoustic signal, and the triple-transit signal.

IDT, and j =2 for IDT,). Equation (8) is obtained by consid-
ering that the transducer IDT; is a simple capacitor of capaci-
tance C;L;4. Figure 2(a) shows the curve fit results of Sy,
between 0.1 and 1000 MHz using the values /;pqr,1 = 12.37
cm, Ly =12.0nH, Ry = 11.75 Q, C; = 55.1 fF/um. A simi-
lar curve fit of Sy, for IDT, yields / o2 = 12.43 cm, L, =
9.46 nH, R, = 1541 Q, C; = 53.6 fF/u m. Note that the val-
ues of resistance, inductance, and capacitance obtained from
the curve fits are quite similar to the values estimated previ-
ously from the theoretical expressions.

Besides the reflection coefficients S;; and S»,, the trans-
mission coefficients S,; and S, were also measured. The
amplitude of S,; exhibits a peak at 548 MHz, as shown by
the full lines in Fig. 2(b). This peak is due to the emission (at
IDT;) and detection (by IDT,) of an acoustic wave. The
amplitude of S,; reveals also a non-zero baseline between
0.1 MHz and 1000 MHz due to the electromagnetic radia-
tions (EMR) between the two transducers.”! These EMR
travel at the speed of light and are detected by IDT, (if emit-
ted by IDT;) with a delay of 1 us before the acoustic signal
is detected (see inset of Fig. 2(b)). By taking profit of the
time-gating capability of the vector network analyzer, the
EMR signal was mathematically filtered out in the time
domain, eliminating then the non-zero baseline of S, in the
frequency domain (see time-gated curve in Fig. 2(b)). In the
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following, the calculations are done using the time-gated
form of the transmission parameters S,; and S5.

After the contributions of the fixtures are removed from
the S-parameters matrix by de-embedding, the admittance
matrix YT of the SAW device (without the contribution of
the fixtures) is deduced using the relationship between
admittance and S-parameters.”” Finally, a Matlab nonlinear
optimization algorithm is used to minimize the error function
e =M, [Y;PT (n) — Y}j‘-‘eo(n)|2 in order to determine the
COM parameters v, «, o, and 7. To avoid non-physical local
minima during the minimization process, an initial guess of
the COM parameters needs to be done. In the following, the
reflectivity x, the transduction «, and the attenuation y will
be given in their normalized form k' = —xA, ¢/ = a4, and
7/ = pA. For the initial guess of the acoustic velocity v
beneath the transducers, the slowing of the wave due to
metal loading can be accounted for by FEM modeling®’ or
by using a formula® based on the perturbation theory and
giving the relative variation of the velocity as function of the
electrode thickness and the electromechanical coupling con-
stant K. Since the electromechanical coupling of GaAs is
small (K> = 0.07% (Ref. 50)) and the electrode thickness of
our transducers is negligible compared to the wavelength /,
we choose the theoretical Rayleigh wave velocity vg = 2853
m/s, calculated for the free surface of GaAs, as an initial
guess for the velocity v. The initial estimations of the trans-
duction o and the reflectivity x’ are given by®®®” o/ ~ 3
VRWK?ege, /220 and k' ~ —2[R,K?/2 + R,.h./ %] where
R, = —0.7178 (for a metallization ratio of 0.5) and R,
= —0.0242 (for GaAs65) are the electrical and mechanical
contributions, respectively. The initial estimations and the
recovered COM parameters after the minimization process
are listed in Table I. The full curves in Figs. 3(a) and 3(b)
are the admittances obtained after the minimization process.
From the comparison between the measured and calculated
transmission admittance coefficient Y,; (or Y;,) between
IDT; and IDT, we obtain the experimental unperturbed
Rayleigh wave velocity vg = 2860.5 m/s on the free surface
of GaAs.

IV. SURFACE ACOUSTIC WAVE AMPLITUDE

In the following, we calculate the total acoustic power
P, carried by the counter-propagating waves R'(x) and
R~ (x) at the point of coordinate L;4 between the transducers
(near the transducer IDT;). The waves £ (x) and R~ (x)
may be interpreted as stresses, displacements, or electrical
potentials, but usually they are normalized so that the

TABLE I. Guessed and fitting COM parameters from the admittance coeffi-

cients YIPT, YI0T and YIPT.

COM parameters Initial guess IDT 1 IDT 2 Gap
v (m/s) 2853 2847 2851 2860.5*
k' (%) 0.14 0.89 0.73

o 1074V Q) 6 6.21 6.24

¥ (10~ Np/o) 3.6 20 18 14

“Measured Rayleigh velocity vg on the free surface of GaAs.
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FIG. 3. Comparison between de-embedded (dashed lines) and fitted (solid
lines) admittance coefficients YIPT (a) and Y2DT (b) of the SAW filter.

acoustic power associated to each wave is given by>"
|R= (Lid,)|2. The amplitudes of RF(Lig) and R~ (Lig;) can be
obtained from Eq. (6) by assuming that R*(0) =0 (no
waves coming from outside the SAW filter). They are given
by R (Lia) = (It —P33V1)/P3» and R (Liq) = PR~
+P»3V1, where the applied voltage V| and the current /; (see
Fig. 1) are related to the incident RF power Py, the length of
the coaxial cable, the inductance L; and the resistances R,
and R, | by (see the Appendix)

J. Appl. Phys. 121, 044503 (2017)

Vv
Vi 7 [Zocos 0) + i(Ry + iLyw)sin 0]

)
— il[Zysin0; — i(Ry + iLyw)cos 0] 9)

and

R R L Z
I, = I[Mcos 0, + i—osinﬂl]
Rp.1 Ry
vV |:Rp_1 + R +iliw

' Z R

. v/
Z sin0; — zR—Ocos 01}, (10)

Pl p.1

where”? V = \/PyZo(1+ S11), I = /Pi/Zo(1 —S1;) and
S1; can be either calculated using Eq. (7) or measured
directly with a VNA. The value of 8" (L;q) at the resonance
frequency f, was found to be over 10 times higher than the
value of R~ (Liq) as expected since R~ (Lig) is due to the
acoustic signal reflected from IDT,. Neglecting ~ (Liq,), the
total acoustic power delivered by our bidirectional trans-
ducer IDT, is P, = 2|R* (Lidt)|2 = 2|PxV) |2. From the latter
relation, Egs. (2) and (1), we derive the expression of the
SAW amplitude U

f(r’qmqia @, lp)

VfopAW

where V| is given by Eq. (9), P,3 is the voltage-to-SAW
transduction factor of the transducer IDT; and the dimen-

U = |P5Vi| (1)

sionless factor F = 1/4/kg [,~ ||its||*dz depends only on the

elastic constants of GaAs. P,3 and F are, respectively, given
by

sin(qLiar/2)
Py = (1) —
: 4Lia/2

(0 4 )sin(qLia; /2) — iqcos(qLiar/2)
qcos qLig; + 16 sin(qLia;)

N+1
oLig

x ; (12)

for a bidirectional uniform transducer,66 and

4 (¢ +q)

T \/‘11' (9, cos(@) — gisin(@)] + (1 +12) (g7 + ¢2) + r2q/[qi sin(=2¢ + @) — g, cos(=2 + @)]

where ¢ = V/ 6° — K2.

For a Rayleigh wave propagating along the [110] direc-
tion of GaAs at 300K the calculated value of F is 0.46.
Using the values of the COM parameters obtained for IDT,
(Table 1) we calculate the transduction factor Po3
=0.033Q7% at f=/,. From the COM model, the variation
of U with respect to the incident RF power Py is Ucom
= 1.45\/Py (see full lines in Fig. 5) where Ucoy is given in
Angstrém and P, in watts. This is the main result of this
approach, from which the SAW amplitude can then be com-
puted for any injected RF power, in the linear regime. The

13)

displacement was also estimated from the dip in |S 11|2 (see
Figure 4) as P, = A|S11\2”Prf, which is the method com-
monly used.***7% From the amplitude A|S;;|* ~ 0.02 of the
dip, the variation of U with respect to the incident RF power
Pis is Ugip = 1.18y/Pys (see dotted lines in Fig. 5). Finally,
the amplitude U was also measured using X-ray diffraction
around the (002) Bragg peaks of the GaAs substrate. The
details of the X-ray studies are reported elsewhere.”> The
value of U was measured up to P,y =320 mW and the varia-
tion of Uxrp = 1.461/P;; (see dashed lines in Fig. 5) was
obtained by performing a linear fit of the data points. The
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FIG. 4. Comparison between measured (dashed line) and calculated (solid
line) square of the reflection coefficient |S; 1|2. A\S“\z can only provide a
rough estimate of the wave amplitude (see main text and Fig. 5).

variation of U obtained by X-ray diffraction is in perfect
agreement with the variation obtained by our analysis using
the COM model whereas, the more simple approach based
on AlS \ﬁip underestimates it by a factor of 1.24 because of
the electrical losses (electrical resistance of the transducer).
For some applications, an increase of the amplitude by a fac-
tor of 1.24 can produce non-negligible effects. For example,
it has been reported recently'” that for the magnetostrictive
and ferromagnetic material (Ga,Mn)(As,P), an increase of
the surface acoustic wave strain ¢; = 0.5 - (ou;/dj + ou;/0i)
(the strain is proportional to the amplitude) by a factor of 1.2
can reduce the coercive field to about 1 mT.

V. CONCLUSION

We have presented an electrical method to measure the
amplitude of surface acoustic waves generated by an inter-
digitated transducer and propagating on the free surface of a
semi-infinite half-space of (001)-cut Gallium Arsenide. The
method is based on the Vector Network Analyzer measure-
ments of the S-parameters of the transducers and their

120 T T T
—— U calculated from COM model
100L U calculated from A[S,,|* |
= U measured with x-ray
— =—Linear fit of x-ray data "
80 B
E eof > e i
S e
-]
40 -
. L
20 i .
0 1 1 1
0 5 10 15 20
Po's(mWD's)

FIG. 5. Comparison between the displacements U calculated from the COM
model (full line) and from the dip |AS;; |2 (dotted line) as a function of the
square root of the input RF power. The values of U measured with X-ray dif-
fraction are indicated by the square dots. The linear fit of the X-ray data
(dashed line) is more in agreement with the values obtained from the COM
model.

J. Appl. Phys. 121, 044503 (2017)

modeling using a simple equivalent circuit and the
Coupling-Of-Modes theory by taking into account the effects
of the peripheral circuit (parasitic resistance, inductance, and
capacitance.) and the resistance of the transducers. The
amplitude of the surface acoustic waves obtained from our
electrical analysis is in perfect agreement with the amplitude
measured directly by X-ray diffraction showing that with
careful modeling, displacements of a few angstroms can
easily be evaluated electrically. This opens the way for an
accurate and reliable determination of the SAW amplitude in
magnetic systems, lab-on-a-chip devices, and quantum sys-
tems. Besides, unlike the diffraction-based methods which
require an optical access to the device under test, the electri-
cal method presented here does not necessitate an optical
access and can thus be used when the device is in a window-
less cryogenic space.

ACKNOWLEDGMENTS

We thank Christophe Rafaillac and Chris Lelong for the
realization of a sample holder adapted to the RF cables, Loic
Beccera for the realization of the IDTs and Catherine
Gourdon and Jean-Yves Prieur for fruitful discussions and
advice. This work has been supported by the French Agence
Nationale de la Recherche (ANR13-JS04-0001-01).

APPENDIX: RELATIONSHIP BETWEEN CURRENTS
AND VOLTAGES

In this Appendix, we explicitly give the derivation of
Egs. (9) and (10) which relate the input RF current / and
voltage V applied to the coaxial cable coax; to the output RF
current /; and voltage V that are seen by the transducer
IDT,. The procedure is based on the ABCD transfer matrix
formalism which expresses the input quantities in terms of
the output quantities’*

VI A1 B || Va
- B[n)
where A;, By, Cy, and D; are the elements of the ABCD;
transfer matrix (see Fig. 1) of the microwave circuit network
constituted by the transmission line coax;, the wire (modeled
as a lumped inductor) L;, the shunt resistance R, ; and the
series resistance R;. The matrix ABCD; is obtained from the

transfer matrix of the individual components of the circuit
thanks the cascaded network relation”*

(AD)

A 1 B 1 A(:oaxl B(:oaxl ALl BLI
G Dy Ccoaxl D(‘oaxl Cri Dy
A B A B
R1 R1 Rp1 Rp1 7 (A2)
Cri Dgri || Crpt Dgp1
where
cos(0) iZysin(0
A('()axl Bcoaxl L. ((0)) 120 st ( ) (A3)
= sin y
Cwaxl D(:oaxl : Cos ( 9)

Zo
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ALI BL] o 1 lLl(,O
& ol =lo 7l e
Ari Bri| |1 Ry
{Cm DRJ_[O 1}’ (A5)
and
1 0
Agpt Bgpi 1
|:CRpl DRpl:| R L (A6)
p,1

are the transfer matrices of the transmission line, the wire,
the shunt resistance R, ; and the series resistance R, respec-
tively. In Eq. (A3), 0 is given by 0 = 27folcpax,1/2:/c Where
g = 2.1 is the relative permittivity of teflon. The losses in
the coaxial cable coax; can be accounted by adding an imag-
inary part to 0. Once the expression of the matrix ABCD; is
obtained, it can be inverted, and the result can be multiplied
by Eq. (A1) in order to obtain Egs. (9) and (10).

'C. Ruppel, L. Reindl, and R. Weigel, IEEE Microwave Mag. 3, 65 (2002).
2A. Pohl, IEEE Trans. Ultrason., Ferroelectr. Freq. Control 47, 317 (2000).
3T. M. Gronewold, Anal. Chim. Acta 603, 119 (2007).
“K. Linge, B. E. Rapp, and M. Rapp, Anal. Bioanal. Chem. 391, 1509
(2008).
3]. Lee, Y.-S. Choi, Y. Lee, H. J. Lee, J. N. Lee, S. K. Kim, K. Y. Han, E.
C. Cho, J. C. Park, and S. S. Lee, Anal. Chem. 83, 8629 (2011).
°L. Thevenard, J.-Y. Duquesne, E. Peronne, H. J. von Bardeleben, H.
Jaffres, S. Ruttala, J.-M. George, A. Lemaitre, and C. Gourdon, Phys. Rev.
B 87, 144402 (2013).
L. Thevenard, I. S. Camara, S. Majrab, M. Bernard, P. Rovillain, A.
Lemaitre, C. Gourdon, and J.-Y. Duquesne, Phys. Rev. B 93, 134430
(2016).
Sw. Li, B. Buford, A. Jander, and P. Dhagat, IEEE Trans. Magn. 50, 37
(2014).
W, Li, B. Buford, A. Jander, and P. Dhagat, J. Appl. Phys. 115, 17E307
(2014).
10, Thevenard, 1. S. Camara, J.-Y. Prieur, P. Rovillain, A. Lemaitre, C.
Gourdon, and J.-Y. Duquesne, Phys. Rev. B 93, 140405 (2016).
1y, Dean, M. T. Bryan, J. D. Cooper, A. Virbule, J. E. Cunningham, and T.
J. Hayward, Appl. Phys. Lett. 107, 142405 (2015).
12S. S. P. Parkin, M. Hayashi, and L. Thomas, Science 320, 190 (2008).
13, Frommelt, M. Kostur, M. Wenzel-Schifer, P. Talkner, P. Hanggi, and
A. Wixforth, Phys. Rev. Lett. 100, 034502 (2008).
"“W.-K. Tseng, J.-L. Lin, W.-C. Sung, S.-H. Chen, and G.-B. Lee,
J. Micromech. Microeng. 16, 539 (2006).
15T..D. Luong, V.-N. Phan, and N.-T. Nguyen, Microfluid. Nanofluid. 10,
619 (2011).
1A, Wixforth, C. Strobl, C. Gauer, A. Toegl, J. Scriba, and Z. V.
Guttenberg, Anal. Bioanal. Chem. 379, 982 (2004).
7A. Renaudin, P. Tabourier, V. Zhang, J. Camart, and C. Druon, Sens.
Actuators, B 113, 389 (2006).
'8T. A. Franke and A. Wixforth, ChemPhysChem 9, 2140 (2008).
"YM. K. Tan, J. R. Friend, and L. Y. Yeo, Phys. Rev. Lett. 103, 024501
(2009).
200, Kurosawa, T. Watanabe, A. Futami, and T. Higuchi, Sens. Actuators,
A 50, 69 (1995).
21S. B. Q. Tran, P. Marmottant, and P. Thibault, Appl. Phys. Lett. 101,
114103 (2012).
22J. Shi, X. Mao, D. Ahmed, A. Colletti, and T. J. Huang, Lab Chip 8, 221
(2008).
23, Shi, H. Huang, Z. Stratton, Y. Huang, and T. J. Huang, Lab Chip 9,
3354 (2009).
247, Nam, Y. Lee, and S. Shin, Microfluid. Nanofluid. 11, 317 (2011).
25T, Franke, A. R. Abate, D. A. Weitz, and A. Wixforth, Lab Chip 9, 2625
(2009).
2T, Franke, S. Braunmiiller, L. Schmid, A. Wixforth, and D. A. Weitz, Lab
Chip 10, 789 (2010).

J. Appl. Phys. 121, 044503 (2017)

27R. Shilton, M. K. Tan, L. Y. Yeo, and J. R. Friend, J. Appl. Phys. 104,
014910 (2008).

281, Li, J. R. Friend, and L. Y. Yeo, Biomed. Microdevices 9, 647 (2007).

2P R. Rogers, J. R. Friend, and L. Y. Yeo, Lab Chip 10, 2979 (2010).

3OM. K. Tan, J. R. Friend, and L. Y. Yeo, Lab Chip 7, 618 (2007).

31C. . Strobl, C. Schaflein, U. Beierlein, J. Ebbecke, and A. Wixforth, Appl.
Phys. Lett. 85, 1427 (2004).

2M. Metcalfe, S. M. Carr, A. Muller, G. S. Solomon, and J. Lawall, Phys.
Rev. Lett. 105, 037401 (2010).

M. WeiB, J. B. Kinzel, F. J. R. Schiilein, M. Heigl, D. Rudolph, S.
Morkotter, M. Doblinger, M. Bichler, G. Abstreiter, J. J. Finley, G.
Koblmiiller, A. Wixforth, and H. J. Krenner, Nano Lett. 14, 2256
(2014).

E. J. R. Schiilein, E. Zallo, P. Atkinson, O. G. Schmidt, R. Trotta, A.
Rastelli, A. Wixforth, and H. J. Krenner, Nat. Nanotechnol. 10, 512
(2015).

3s. Lazi¢, E. Chernysheva, 7. Gagevié, H. P. van der Meulen, E. Calleja,
and J. M. Calleja Pardo, AIP Adv. 5, 097217 (2015).

3OM. M. de Lima, M. van der Poel, P. V. Santos, and J. M. Hvam, Phys.
Rev. Lett. 97, 045501 (2006).

D, A. Fuhrmann, S. M. Thon, H. Kim, D. Bouwmeester, P. M. Petroff, A.
Wixforth, and H. J. Krenner, Nat. Photonics 5, 605 (2011).

*H. Li, S. A. Tadesse, Q. Liu, and M. Li, Optica 2, 826 (2015).

*P. V. Santos, F. Alsina, J. A. H. Stotz, R. Hey, S. Eshlaghi, and A. D.
Wieck, Phys. Rev. B 69, 155318 (2004).

40p, Garcia-Cristobal, A. Cantarero, F. Alsina, and P. V. Santos, Phys. Rev.
B 69, 205301 (2004).

45, B. Kinzel, F. J. R. Schiilein, M. Weif3, L. Janker, D. D. Biihler, M.
Heigl, D. Rudolph, S. Morkotter, M. Doblinger, M. Bichler, G. Abstreiter,
J. J. Finley, A. Wixforth, G. Koblmiiller, and H. J. Krenner, ACS Nano 10,
4942 (2016).

42S. H. Simon, Phys. Rev. B 54, 13878 (1996).

L. Song, H. Yuan, C. Zhang, L. Li, C. Lu, and J. Gao, J. Appl. Phys. 106,
104508 (2009).

“A. N. Darinskii, M. Weihnacht, and H. Schmidt, Lab Chip 16, 2701
(2016).

L. Johansson, J. Enlund, S. Johansson, I. Katardjiev, and V. Yantchev,
Biomed. Microdevices 14, 279 (2012).

46S. Yankin, A. Talbi, Y. Du, J.-C. Gerbedoen, V. Preobrazhensky, P.
Pernod, and O. Bou Matar, J. Appl. Phys. 115, 244508 (2014).

47C. Gwiy-Sang and P. Duy-Thach, J. Korean Phys. Soc. 57, 446 (2010).

487, Zhou, H. F. Pang, L. Garcia-Gancedo, E. Iborra, M. Clement, M. De
Miguel-Ramos, H. Jin, J. K. Luo, S. Smith, S. R. Dong, D. M. Wang, and
Y. Q. Fu, Microfluid. Nanofluid. 18, 537 (2015).

493, Ippolito, K. Kalantar-Zadeh, D. Powell, and W. Wlodarski, in /EEE
Symposium on Ultrasonics (IEEE, 2003), pp. 303-306.

0p, Royer and E. Dieulesaint, in Elastic Waves in Solids 11: Generation,
Acousto-optic Interaction, Applications, Advanced Texts in Physics
(Springer, Berlin, Heidelberg, 2010).

S'E. Lean and C. Powell, Proc. IEEE 58, 1939 (1970).

SR, Tucoulou, F. de Bergevin, O. Mathon, and D. Roshchupkin, Phys. Rev.
B 64, 134108 (2001).

3R. Tucoulou, R. Pascal, M. Brunel, O. Mathon, D. V. Roshchupkin, 1. a.
Schelokov, E. Cattan, and D. Remiens, J. Appl. Crystallogr. 33, 1019
(2000).

S“W. Sauer, M. Streibl, T. H. Metzger, a. G. C. Haubrich, S. Manus, A.
Wixforth, J. Peisl, A. Mazuelas, J. Hartwig, and J. Baruchel, Appl. Phys.
Lett. 75, 1709 (1999).

S3L. Largeau, I. Camara, J.-Y. Duquesne, C. Gourdon, P. Rovillain, L.
Thevenard, and B. Croset, J. Appl. Crystallogr. 49, 2073 (2016).

36J.-D. Nicolas, T. Reusch, M. Osterhoff, M. Sprung, F. J. R. Schiilein, H. J.
Krenner, A. Wixforth, and T. Salditt, J. Appl. Crystallogr. 47, 1596
(2014).

5’M. Pernpeintner, “Magnon-phonon coupling in ferromagnetic thin films,”
Ph.D. thesis (Technische Universitat Miinchen, 2012).

M. Weiler, H. Huebl, F. S. Goerg, F. D. Czeschka, R. Gross, and S. T. B.
Goennenwein, Phys. Rev. Lett. 108, 176601 (2012).

SF. E. Terman, Radio Engineer’'s Handbook (McGraw-Hill Book
Company, Inc., 1943).

SOR. 1. Cottam and G. A. Saunders, J. Phys. C: Solid State Phys. 6, 2105
(1973).

OIL. T hevenard, C. Gourdon, J. Y. Prieur, H. J. von Bardeleben, S. Vincent,
L. Becerra, L. Largeau, and J.-Y. Duquesne, Phys. Rev. B 90, 094401
(2014).


http://dx.doi.org/10.1109/MMW.2002.1004053
http://dx.doi.org/10.1109/58.827416
http://dx.doi.org/10.1016/j.aca.2007.09.056
http://dx.doi.org/10.1007/s00216-008-1911-5
http://dx.doi.org/10.1021/ac2020849
http://dx.doi.org/10.1103/PhysRevB.87.144402
http://dx.doi.org/10.1103/PhysRevB.87.144402
http://dx.doi.org/10.1103/PhysRevB.93.134430
http://dx.doi.org/10.1109/TMAG.2013.2285018
http://dx.doi.org/10.1063/1.4863170
http://dx.doi.org/10.1103/PhysRevB.93.140405
http://dx.doi.org/10.1063/1.4932057
http://dx.doi.org/10.1126/science.1145799
http://dx.doi.org/10.1103/PhysRevLett.100.034502
http://dx.doi.org/10.1088/0960-1317/16/3/009
http://dx.doi.org/10.1007/s10404-010-0694-0
http://dx.doi.org/10.1007/s00216-004-2693-z
http://dx.doi.org/10.1016/j.snb.2005.03.100
http://dx.doi.org/10.1016/j.snb.2005.03.100
http://dx.doi.org/10.1002/cphc.200800349
http://dx.doi.org/10.1103/PhysRevLett.103.024501
http://dx.doi.org/10.1016/0924-4247(96)80086-0
http://dx.doi.org/10.1016/0924-4247(96)80086-0
http://dx.doi.org/10.1063/1.4751348
http://dx.doi.org/10.1039/B716321E
http://dx.doi.org/10.1039/b915113c
http://dx.doi.org/10.1007/s10404-011-0798-1
http://dx.doi.org/10.1039/b906819h
http://dx.doi.org/10.1039/b915522h
http://dx.doi.org/10.1039/b915522h
http://dx.doi.org/10.1063/1.2951467
http://dx.doi.org/10.1007/s10544-007-9058-2
http://dx.doi.org/10.1039/c004822d
http://dx.doi.org/10.1039/b618044b
http://dx.doi.org/10.1063/1.1787159
http://dx.doi.org/10.1063/1.1787159
http://dx.doi.org/10.1103/PhysRevLett.105.037401
http://dx.doi.org/10.1103/PhysRevLett.105.037401
http://dx.doi.org/10.1021/nl4040434
http://dx.doi.org/10.1038/nnano.2015.72
http://dx.doi.org/10.1063/1.4932147
http://dx.doi.org/10.1103/PhysRevLett.97.045501
http://dx.doi.org/10.1103/PhysRevLett.97.045501
http://dx.doi.org/10.1038/nphoton.2011.208
http://dx.doi.org/10.1364/OPTICA.2.000826
http://dx.doi.org/10.1103/PhysRevB.69.155318
http://dx.doi.org/10.1103/PhysRevB.69.205301
http://dx.doi.org/10.1103/PhysRevB.69.205301
http://dx.doi.org/10.1021/acsnano.5b07639
http://dx.doi.org/10.1103/PhysRevB.54.13878
http://dx.doi.org/10.1063/1.3257173
http://dx.doi.org/10.1039/C6LC00390G
http://dx.doi.org/10.1007/s10544-011-9606-7
http://dx.doi.org/10.1063/1.4885460
http://dx.doi.org/10.3938/jkps.57.446
http://dx.doi.org/10.1007/s10404-014-1456-1
http://dx.doi.org/10.1109/ULTSYM.2003.1293411
http://dx.doi.org/10.1109/ULTSYM.2003.1293411
http://dx.doi.org/10.1109/PROC.1970.8065
http://dx.doi.org/10.1103/PhysRevB.64.134108
http://dx.doi.org/10.1103/PhysRevB.64.134108
http://dx.doi.org/10.1107/S0021889800006828
http://dx.doi.org/10.1063/1.124797
http://dx.doi.org/10.1063/1.124797
http://dx.doi.org/10.1107/S1600576716015016
http://dx.doi.org/10.1107/S1600576714016896
http://dx.doi.org/10.1103/PhysRevLett.108.176601
http://dx.doi.org/10.1088/0022-3719/6/13/011
http://dx.doi.org/10.1103/PhysRevB.90.094401

044503-8 Camara et al.

52p. Wright, in Proceedings of the 43rd Annual Symposium on Frequency
Control (1989), p. 596.

S3p.v. Wright, in Proceedings of the IEEE Ultrasonics Symposium (IEEE,
1989), p. 141.

ST. Thorvaldsson, in Proceedings of the IEEE Ultrasonics Symposium
(IEEE, 1989), pp. 91-96.

O3A. Haddou, T. Gryba, J. E. Lefebvre, V. Sadaune, V. Zhang, and E.
Cattan, in Proceedings of the IEEE Ultrasonics Symposium (2000), Vol. 1,
pp. 91-94.

66V, Plessky and J. Kostela, Int. J. High Speed Electron. Syst. 10, 867
(2000).

S7T.-T. Wu, S.-M. Wang, Y.-Y. Chen, T.-Y. Wu, P.-Z. Chang, L.-S. Huang,
C.-L. Wang, C.-W. Wu, and C.-K. Lee, Jpn. J. Appl. Phys., Part 1 41,
6610 (2002).

J. Appl. Phys. 121, 044503 (2017)

%8For a metallization ratio of 0.5, the resistance of one finger electrode is
4ppuly/he A where [y is the length of the finger and h, is the metal thickness.
For N fingers connected to the same busbar (N shunt resistors) this gives
an equivalent resistance of 4p,, /s /Nh,/ and, therefore, an equivalent total
resistance of 8p /¢ /Nh./ ~ 8p, W /Nh,2 for our transducer.

%R. A. Matula, J. Phys. Chem. Ref. Data 8, 1147 (1979).

70K. S. Champlin, Appl. Phys. Lett. 12, 231 (1968).

7M. Clement, L. Vergara, J. Sangrador, E. Iborra, and A. Sanz-Hervas,
Ultrasonics 42, 403 (2004).

2p, Frickey, IEEE Trans. Microwave Theory Tech. 42, 205 (1994).

73F. Kubat, W. Ruile, T. Hesjedal, J. Stotz, U. Résler, and L. M. Reindl,
IEEE Trans. Ultrason., Ferroelectr. Freq. Control 51, 1437 (2004).

743, Ramo, J. R. Whinnery, and T. Van Duzer, in Fields and Waves in
Communication Electronics, 3rd ed. (Wiley, New York, 1994).


http://dx.doi.org/10.1109/FREQ.1989.68920
http://dx.doi.org/10.1109/FREQ.1989.68920
http://dx.doi.org/10.1109/ULTSYM.1989.66974
http://dx.doi.org/10.1109/ULTSYM.1989.66964
http://dx.doi.org/10.1109/ULTSYM.2000.922514
http://dx.doi.org/10.1142/S0129156400000684
http://dx.doi.org/10.1143/JJAP.41.6610
http://dx.doi.org/10.1063/1.555614
http://dx.doi.org/10.1063/1.1651969
http://dx.doi.org/10.1016/j.ultras.2004.01.034
http://dx.doi.org/10.1109/22.275248
http://dx.doi.org/10.1109/TUFFC.2004.1367484

	s1
	l
	n1
	d1
	s2
	d2
	f1
	s3
	s3A
	d3
	d4
	d5
	d6
	s3B
	d7
	d8
	s4
	f2
	t1
	t1n1
	d9
	d10
	d11
	d12
	d13
	f3
	s5
	app1
	dA1
	dA2
	dA3
	dA4
	f4
	f5
	dA5
	dA6
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56
	c57
	c58
	c59
	c60
	c61
	c62
	c63
	c64
	c65
	c66
	c67
	c68
	c69
	c70
	c71
	c72
	c73
	c74

