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Surface acoustic waves are used in magnetism to initiate magnetization switching, in microfluidics 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

3 GHz,1 in touch-sensitive screens and biological/chemical

sensing.2–5 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-

tures6–10 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.11,12 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,13–15 translation,16–18 jetting,19

and atomization20) and manipulate particles (handling,21 focus-

ing,22 separation,23,24 sorting,25,26 concentration,27–30 and re-

orientation31) 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,32–35 photonic cavi-

ties,36–38 single carrier transport systems,39–41 and SAW driven

single electron transport (SAW/SET) in two dimensional

electron gas (2DEG) heterostructures42,43 like GaAs/AlxGa1�x

As. In 2DEG heterostructures, the SAWs can induce a quan-

tized current I¼ 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.43 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.44–49 But this method requires a high

computational time and a powerful computer hardware49 for

3D simulations. Interferometric probes50 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 visible50,51 or X-ray domain52–56 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.38,57,58 This method is based on

S-parameter Sij 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

Sii exhibits a dip at the frequency f0 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 Pa¼DjSiij2Prf , where Prf is thea)Electronic mail: ibrahima.s.camara@gmail.com
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RF power applied to the IDT and DjSiij2 is the amplitude of

the dip. After that, the amplitude of the SAW is calculated

by solving the equation Pa ¼ 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 by50

PSAW ¼ 2WqvRp2f 2
0

ð1
0

jj~uðx; zÞjj2dz; (1)

where q, W, vR, and ~uðx; y; zÞ 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 jSiij2 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.43 Here we use it to

extract the acoustic wave induced displacement, which we

compare to those measured directly by X-ray diffraction.

II. 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 lgap¼ 3 mm.

The period of the IDT fingers is k ¼ 5:2 lm, the metalliza-

tion ratio, 0.5, the aperture, W¼ 2 mm and the number of

IDT finger pairs, N ¼ 60. The electrodes are made of Cr/Au

of nominal thickness 10/100 nm. The excitation signal is

brought to the interdigitated transducers by means of coaxial

cables and coplanar waveguides of impedance 50 6 2 X and

straight round bond-wires. The coaxial cables have an

approximate length of lcoax¼ 10 cm and a nominal attenua-

tion around 1 dB/m between 400 MHz and 1000 MHz. The

bond wires are made of copper and have an approximate

total length lwire¼ 9 mm for each transducer and a diameter

dwire¼ 30 lm. The self-inductance associated to these

wires is then theoretically estimated to be59 Lwire¼ 200

�lwire[ln(4lwire /dwire)�0.75]¼ 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 C11 ¼ 118:4 GPa, C12 ¼ 53:7
GPa, C44 ¼ 59:1 GPa and the density q¼ 5317 kg/m3 of

Gallium Arsenide given by Cottam et al:,60 the allowed SAW

mode propagating on the free boundary of a semi-infinite

half-space of (001)-cut GaAs was obtained by solving the

elastic wave equation.61 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 vR¼ 2853 m s�1 at 300 K, corresponding to a res-

onance frequency f0¼ vR/k¼ 548 MHz. The particle displace-

ment vector ~u associated to the Rayleigh acoustic mode in

GaAs, propagating towards x> 0, is given by

~u x; zð Þ
U
¼ ~un x; zð Þ

¼ 2e�qrkRz

cos qikRzþ u=2ð Þcos xt� kRxð Þ
0

�r sin qikRz� wþ u=2ð Þsin xt� kRxð Þ

2
64

3
75

(2)

in the reference frame (x,y,z) indicated in Fig. 1(a), where

kR¼ 2p/k and qr, qi, r, u and w are functions of the elastic

constants of GaAs. Their values are qr¼ 0.5, qi¼�0.48,

FIG. 1. (a) Schematic and (b) equivalent electrical circuit of the SAW filter

and the fixtures. The fixtures are composed of coaxial lines (coax1 and

coax2), the self-inductances L1 and L2 of the wires, the electrical series resis-

tances R1 and R2 and shunt resistances Rp;1 and Rp;2 of the transducers.

<þðxÞ and <�ðxÞ are the surface acoustic wave amplitudes for the forward

and backward directions, respectively. They are defined such that the associ-

ated SAW powers are j<þðxÞj2 and j<�ðxÞj2 at the point of coordinate x. (c)

The coaxial lines, inductances, and resistances are described by transfer

matrices ABCD1 and ABCD2, the interdigitated transducers are represented

by P-matrices P1 and P2, and the gap between the transducers is represented

by the P-matrix Pgap.

044503-2 Camara et al. J. Appl. Phys. 121, 044503 (2017)



r¼ 1.34, u¼�2.10 rd, and w¼ 2.61 rd at 300 K and for a

propagation along [110]. The displacement components ux

and uz, 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.

III. 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.62–66 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 IDT1 schemati-

cally represented in Fig. 1(b). Like Wu et al:,67 we assume

here that the effects of the electrode resistance of the real

transducer can be accounted by simply putting a resistance

R1 in series with the impedance of an ideal transducer. The

value of R1 can be estimated68 R1 ’ 8qAuW=Nhek ¼ 12:5 X,

where qAu ¼ 2:2� 10�8 X m is the resistivity of gold at

300 K (Ref. 69) and he is the electrode metal thickness. For

an ideal transducer, the DC resistance Rp 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 IDT1, the measured

DC resistance is Rp;1¼ 879 X and its effect is accounted for

by adding a shunt resistance of value Rp;1 in the circuit

model shown in Fig. 1(b).

For an incident RF signal of power Prf , let V1 be the

voltage applied to the transducer IDT1 (see Figure 1(c)). The

COM equations that govern the SAW mode amplitudes

<þ(x,f) and <�(x,f) generated by the transducer IDT1 and

propagating in the 6x directions, respectively, (see Figure

1(b)) are

d<þ xð Þ
dx

¼ �id<þ xð Þ þ ij<� xð Þ þ iaV1; (3)

d<� xð Þ
dx

¼ �ij�<þ xð Þ þ id<� xð Þ � ia�V1; (4)

and

dI1 xð Þ
dx
¼ �2ia�<þ xð Þ � 2ia<� xð Þ þ i2pfC1V1; (5)

where I1 is the busbar current, C1 is the static capacitance of

the transducer per unit length, d ¼ 2pðf � f0Þ=v� ic is the

detuning parameter, and c is the attenuation of the acoustic

waves. For a metallization ratio of 0.5, C1 can be theoreti-

cally approximated50,66 as C1 ’ e0ðer þ 1ÞW=k0 ¼ 44 fF=lm

where e0 is the permittivity of free space and er ’ 12 is the

relative permittivity of GaAs.70 In Equations (3)–(5) the

COM parameters that have to be determined are the reflectiv-

ity j, the transduction coefficient a, the attenuation c, 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

<�ð0Þ
<þðLidtÞ

I1

2
664

3
775 ¼

P11 P12 P13

P21 P22 P23

P31 P32 P33

2
664

3
775
<þð0Þ
<�ðLidtÞ

V1

2
664

3
775; (6)

where Lidt ¼ Nk is the length of the transducer IDT1, and the

components Pij of the P-matrix of IDT1 are given by Plessky

et al.66 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 IDT2 yielding the P-

matrices Pgap and PIDT2 of the gap and the transducer IDT2

(see Fig. 1(c)). The components of the P-matrix of the gap

are Pgap
jj ¼ Pgap

j3 ¼ Pgap
3j ¼ 0 (j¼ 1, 2, or 3) and Pgap

12 ¼Pgap
21

¼ expð�i� lgap½2pf=vR � icgap�Þ.

B. Determination of the COM parameters

To recover the values of the COM parameters, the

method reported by Wu et al.67 for a one-port SAW resona-

tor was adapted to our problem. Their method is based on

the derivation of the theoretical admittance Ytheo of a one-

port resonator from the P-matrix and the comparison of this

derived admittance to the measured admittance YIDT of the

transducer. Using an optimization algorithm, they deter-

mined the COM parameters that minimize the error function

e ¼
PNf

n¼1 jYIDTðnÞ � YtheoðnÞj2, where Nf is the number of

data points.

Before the minimization process of the error function e,

the admittances YIDT
11 and YIDT

22 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 S11 of the SAW device including the contribution

of the fixtures. To obtain the admittance of the transducer

IDTj (j¼ 1 or 2), the electrical contributions of the fixtures,

i:e:, the length lcoax;j of the coaxial cable, the self-inductance

Lj of the bond-wires, the electrode resistance Rj, and the

shunt resistance Rp;j need to be quantified and removed. The

electrical characteristics of the fixtures were obtained by fit-

ting separately the measured reflections S11 and S22 of IDT1

and IDT2, respectively, to

Sjj ¼
Zj � Z0

Zj þ Z0

e�i2hj ; (7)

where

Zj ¼ iLjxþ Rj þ
Rp;j

1þ iRp;jCjLidtx
; (8)

Z0¼ 50 X, hj ¼ xlcoax;j
ffiffiffiffi
et
p

=c, x ¼ 2pf ; et¼ 2.1 is the rela-

tive permittivity of teflon, c is the celerity of light in free

space, and the subscript j refers to the transducers (j¼ 1 for
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IDT1 and j¼ 2 for IDT2). Equation (8) is obtained by consid-

ering that the transducer IDTj is a simple capacitor of capaci-

tance CjLidt. Figure 2(a) shows the curve fit results of S11

between 0.1 and 1000 MHz using the values lcoax;1 ¼ 12:37

cm, L1 ¼ 12.0 nH, R1 ¼ 11.75 X, C1 ¼ 55:1 fF=l m. A simi-

lar curve fit of S22 for IDT2 yields lcoax;2 ¼ 12:43 cm, L2 ¼
9.46 nH, R2 ¼ 15.41 X, C2 ¼ 53:6 fF=l 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 S11 and S22, the trans-

mission coefficients S21 and S12 were also measured. The

amplitude of S21 exhibits a peak at 548 MHz, as shown by

the full lines in Fig. 2(b). This peak is due to the emission (at

IDT1) and detection (by IDT2) of an acoustic wave. The

amplitude of S21 reveals also a non-zero baseline between

0.1 MHz and 1000 MHz due to the electromagnetic radia-

tions (EMR) between the two transducers.71 These EMR

travel at the speed of light and are detected by IDT2 (if emit-

ted by IDT1) with a delay of 1 ls 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 S21 in the

frequency domain (see time-gated curve in Fig. 2(b)). In the

following, the calculations are done using the time-gated

form of the transmission parameters S21 and S12.

After the contributions of the fixtures are removed from

the S-parameters matrix by de-embedding, the admittance

matrix YIDT of the SAW device (without the contribution of

the fixtures) is deduced using the relationship between

admittance and S-parameters.72 Finally, a Matlab nonlinear

optimization algorithm is used to minimize the error function

eij ¼
PNf

n¼1 jYIDT
ij ðnÞ � Ytheo

ij ðnÞj
2

in order to determine the

COM parameters v, j, a, and c. 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 j, the transduction a, and the attenuation c will

be given in their normalized form j0 ¼ �jk, a0 ¼ ak, and

c0 ¼ ck. 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 modeling67 or

by using a formula66 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 (K2 ¼ 0:07% (Ref. 50)) and the electrode thickness of

our transducers is negligible compared to the wavelength k,

we choose the theoretical Rayleigh wave velocity vR ¼ 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 a0 and the reflectivity j0 are given by66,67 a0 ’ 3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vRWK2e0er=2k0

p
and j0 ’ �2½ReK2=2þ Rmhe=k0� where

Re ¼ �0:7178 (for a metallization ratio of 0.5) and Rm

¼ �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 Y21 (or Y12) between

IDT1 and IDT2 we obtain the experimental unperturbed

Rayleigh wave velocity vR ¼ 2860:5 m/s on the free surface

of GaAs.

IV. SURFACE ACOUSTIC WAVE AMPLITUDE

In the following, we calculate the total acoustic power

Pa carried by the counter-propagating waves <þðxÞ and

<�ðxÞ at the point of coordinate Lidt between the transducers

(near the transducer IDT1). The waves <þðxÞ and <�ðxÞ
may be interpreted as stresses, displacements, or electrical

potentials, but usually they are normalized so that the

FIG. 2. (a) Comparison between measured (dots) and fitted (solid lines)

reflection coefficients S11. (b) non-time-gated and time-gated measured

amplitude of S21. 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 S21 in time domain show-

ing the EMR, the acoustic signal, and the triple-transit signal.

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

cients YIDT
11 ; YIDT

22 , and YIDT
21 .

COM parameters Initial guess IDT 1 IDT 2 Gap

v (m/s) 2853 2847 2851 2860.5a

j0 (%) 0.14 0.89 0.73

a0 (10�4/
ffiffiffiffi
X
p

) 6 6.21 6.24

c0 (10�4 Np/k0) 3.6 20 18 14

aMeasured Rayleigh velocity vR on the free surface of GaAs.
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acoustic power associated to each wave is given by50

j<6ðLidtÞj2. The amplitudes of <þðLidtÞ and <�ðLidtÞ can be

obtained from Eq. (6) by assuming that <þð0Þ ¼ 0 (no

waves coming from outside the SAW filter). They are given

by <�ðLidtÞ ¼ ðI1 � P33V1Þ=P32 and <þðLidtÞ ¼ P22<�
þP23V1, where the applied voltage V1 and the current I1 (see

Fig. 1) are related to the incident RF power Prf , the length of

the coaxial cable, the inductance L1 and the resistances R1

and Rp;1 by (see the Appendix)

V1 ¼
V

Z0

Z0 cos h1 þ i R1 þ iL1xð Þsin h1½ �

� iI Z0 sin h1 � i R1 þ iL1xð Þcos h1½ � (9)

and

I1 ¼ I
Rp;1 þ R1 þ iL1x

Rp;1
cos h1 þ i

Z0

Rp;1
sin h1

� �

� i
V

Z0

Rp;1 þ R1 þ iL1x
Rp;1

sin h1 � i
Z0

Rp;1
cos h1

� �
; (10)

where73 V ¼
ffiffiffiffiffiffiffiffiffiffiffi
PrfZ0

p
ð1þ S11Þ, I ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Prf=Z0

p
ð1� S11Þ and

S11 can be either calculated using Eq. (7) or measured

directly with a VNA. The value of <þðLidtÞ at the resonance

frequency f0 was found to be over 10 times higher than the

value of <�ðLidtÞ as expected since <�ðLidtÞ is due to the

acoustic signal reflected from IDT2. Neglecting <�ðLidtÞ, the

total acoustic power delivered by our bidirectional trans-

ducer IDT1 is Pa ¼ 2j<þðLidtÞj2 ¼ 2jP23V1j2. From the latter

relation, Eqs. (2) and (1), we derive the expression of the

SAW amplitude U

U ¼ jP23V1j
F r; qr; qi;u;wð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pf0qv2
RW

p ; (11)

where V1 is given by Eq. (9), P23 is the voltage-to-SAW

transduction factor of the transducer IDT1 and the dimen-

sionless factor F ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kR

Ð1
0
jj~unjj2dz

q
depends only on the

elastic constants of GaAs. P23 and F are, respectively, given

by

P23 ¼ �1ð ÞNþ1
aLidt

sin qLidt=2ð Þ
qLidt=2

� dþ jð Þsin qLidt=2ð Þ � iq cos qLidt=2ð Þ
q cos qLidt þ id sin qLidtð Þ ; (12)

for a bidirectional uniform transducer,66 and

F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qr q2
r þ q2

i

� �
qr qr cos uð Þ � qi sin uð Þ
� �þ 1þ r2ð Þ q2

i þ q2
r

� �
þ r2qr qi sin �2wþ uð Þ � qr cos �2wþ uð Þ½ �

s
; (13)

where q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 � j2

p
.

For a Rayleigh wave propagating along the [110] direc-

tion of GaAs at 300 K the calculated value of F is 0.46.

Using the values of the COM parameters obtained for IDT1

(Table I) we calculate the transduction factor P23

¼ 0:033 X�0:5 at f¼ f0. From the COM model, the variation

of U with respect to the incident RF power Prf is UCOM

¼ 1:45
ffiffiffiffiffiffiffi
Prf

p
(see full lines in Fig. 5) where UCOM is given in

Ångstr€om and Prf 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

displacement was also estimated from the dip in jS11j2 (see

Figure 4) as Pa ¼ DjS11j2Prf , which is the method com-

monly used.38,57,58 From the amplitude DjS11j2 � 0:02 of the

dip, the variation of U with respect to the incident RF power

Prf is Udip ¼ 1:18
ffiffiffiffiffiffiffi
Prf

p
(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.55 The

value of U was measured up to Prf ¼ 320 mW and the varia-

tion of UXRD ¼ 1:46
ffiffiffiffiffiffiffi
Prf

p
(see dashed lines in Fig. 5) was

obtained by performing a linear fit of the data points. The

FIG. 3. Comparison between de-embedded (dashed lines) and fitted (solid

lines) admittance coefficients YIDT
11 (a) and YIDT

21 (b) of the SAW filter.
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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 DjS11j2dip 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 recently10 that for the magnetostrictive

and ferromagnetic material (Ga,Mn)(As,P), an increase of

the surface acoustic wave strain �ij ¼ 0:5 � ðdui=djþ duj=diÞ
(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

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.
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APPENDIX: RELATIONSHIP BETWEEN CURRENTS
AND VOLTAGES

In this Appendix, we explicitly give the derivation of

Eqs. (9) and (10) which relate the input RF current I and

voltage V applied to the coaxial cable coax1 to the output RF

current I1 and voltage V1 that are seen by the transducer

IDT1. The procedure is based on the ABCD transfer matrix

formalism which expresses the input quantities in terms of

the output quantities74

V
I

� �
¼ A1 B1

C1 D1

� �
V1

I1

� �
; (A1)

where A1, B1, C1, and D1 are the elements of the ABCD1

transfer matrix (see Fig. 1) of the microwave circuit network

constituted by the transmission line coax1, the wire (modeled

as a lumped inductor) L1, the shunt resistance Rp;1 and the

series resistance R1. The matrix ABCD1 is obtained from the

transfer matrix of the individual components of the circuit

thanks the cascaded network relation74

A1 B1

C1 D1

" #
¼

Acoax1 Bcoax1

Ccoax1 Dcoax1

" #
AL1 BL1

CL1 DL1

" #

�
AR1 BR1

CR1 DR1

" #
ARp1 BRp1

CRp1 DRp1

" #
; (A2)

where

Acoax1 Bcoax1

Ccoax1 Dcoax1

" #
¼

cos hð Þ iZ0 sin hð Þ
i sin hð Þ

Z0

cos hð Þ

2
64

3
75; (A3)

FIG. 4. Comparison between measured (dashed line) and calculated (solid

line) square of the reflection coefficient jS11j2. DjS11j2 can only provide a

rough estimate of the wave amplitude (see main text and Fig. 5).

FIG. 5. Comparison between the displacements U calculated from the COM

model (full line) and from the dip jDS11j2 (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.
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AL1 BL1

CL1 DL1

� �
¼ 1 iL1x

0 1

� �
; (A4)

AR1 BR1

CR1 DR1

� �
¼ 1 R1

0 1

� �
; (A5)

and

ARp1 BRp1

CRp1 DRp1

� �
¼

1 0
1

Rp;1
1

2
4

3
5; (A6)

are the transfer matrices of the transmission line, the wire,

the shunt resistance Rp;1 and the series resistance R1, respec-

tively. In Eq. (A3), h is given by h ¼ 2pf0lcoax;1
ffiffiffiffi
et
p

=c where

et ¼ 2:1 is the relative permittivity of teflon. The losses in

the coaxial cable coax1 can be accounted by adding an imag-

inary part to h. Once the expression of the matrix ABCD1 is

obtained, it can be inverted, and the result can be multiplied

by Eq. (A1) in order to obtain Eqs. (9) and (10).
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