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PREFACE

OPTICAL DETECTION OF SURFACE-ACOUSTIC WAVES, master thesis by
ing Th.R. Wakkermans. The University of Sheffield, Department ofElectrical and
Electronic Engineering, Sheffield, England and Eindhoven University of Technology,
Department ofElectrical Engineering, Eindhoven, the Netherlands.

The project to obtain a degree in Electrical Engineering from Eindhoven University of
Technology was carried out at the University of Sheffield in an ERASMUS program
with the Eindhoven University of Technology from August 1996 till March 1997.

This master thesis starts with an introduction in surface-acoustic waves and the
reasons for the project. Surface-acoustic waves and surface-acoustic wave devices are
further introduced in chapter 2. Chapter 3 gives an overview of the currently available
methods of optical detection of surface waves and specific the surface-grating
technique. The experimental set-up and experiments are described in chapter 4, and in
chapter 5 the results ofthese experiments are given. Chapters 6 and 7 concern
respectively with the conclusions and recommendations.

Sheffield, March 1997

Theo Wakkermans
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ABSTRACT

In a SAW-device the information is carried by a surface-acoustic wave (SAW) which
propagates over a piezoelectric material. SAWs are easy to generate and detect in an
electric way on piezoelectric materials with the use ofInterDigital Transducers (IDTs).
For analysing a SAW device the different quantities of the surface-acoustic wave have
to be known. The aim of the project was to detect surface-acoustic waves optically on
LiNb03 and GaAs. This was done by the optical detection of the height of the SAW
which is of the order of several A. After a literature survey it was decided to use the
surface grating technique for the optical detection of surface-acoustic waves. In this
technique the SAW is used as a diffraction grating and diffracted laser light coming
from the SAW-device has to be detected. The typical value for the acoustical
wavelength varied from 28 to 70 J..lm. The implementation of this method resulted in an
experimental set-up which has been used to detect surface-acoustic waves on LiNb03
and GaAs optically. Also the attenuation ofa SAW and SAWs launched perpendicular
from an IDT have been investigated. The optical detection of surface-acoustic waves
was done by using a silicon photodiode combined with a high gain low noise amplifier
as the detector in the experimental set-up. This turned out to be a very effective
method.
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1. Introduction

A surface-acoustic waves (SAW) is in some ways similar to a wave in the sea. The
main differences are that a SAW propagates at the surface of a solid material and the
amplitude of the wave is much smaller.

The use of surface-acoustic waves became interesting for electronic engineering after
the invention of a new type of transducer in 1965 by White and Voltmer (1). With
these interdigital transducers (IDTs) SAWs can be excited efficiently and selectively on
piezoelectric substrates like lithium niobate (LiNb03) and Quartz. Devices which are
made using SAWs for example are: delay lines, filters and oscillators. The most
common SAW-device which is used in practice is the IF bandpass filter which is used
in domestic TV receivers.

Nowadays there has been a growing interest in SAWs on piezoelectric semiconductors
like GaAs. This because of the possibility of monolithic integration of SAWs and active
electronic circuits on the same substrate. It should be mentioned however that GaAs
has not been ofgreat interest as a substrate material for SAW-devices before because
it has a low piezoelectric coefficient.

Project description

The aims of this project were to investigate the optical detection of surface-acoustic
waves. This was to include a study of the feasibility of detection of surface-acoustic
waves, producing a map of their distributions on a surface, using optical methods. The
project initially was to require a survey of the currently available methods of optical
SAW detection, followed by some theoretical modelling of the various possible optical
geometries. A demonstration of the chosen method would then be required.
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2.
2.1

Surface-acoustic waves and SAW-devices

Surface-acoustic waves

The existence of surface-acoustic waves was first predicted by Lord Rayleigh; this is
why they are sometimes called Rayleigh waves (2). A surface-acoustic wave is the
displacement of the material close to the surface on which it propagates. The depth for
which the wave disturbs the material is approximately the same as the acoustic
wavelength A and is bigger than the amplitude A of the surface wave (see figure 2.1).

.-++-I--+-+---L 2A

Figure 2.1 Surface wave in a solid (3) •

Because the depth is about one acoustical wavelength, the wave is not uniform in the
y-direction. There can not be any transverse movement, so the wave is uniform in the
x-direction. The particles do move both in z-direction, the direction ofwave
propagation, and perpendicular to the depth, the y-direction. The surface wave is
therefore mixed and has a compressional and shear character. If the surface wave
propagates over a piezoelectric material there is also an electrostatic wave.

The features of SAWs which make them interesting for engineering are:

*

*

*

SAW-devices are simple to fabricate by the use of conventional
photolithography.

The performance of a SAW-device is controlled by transducer design, so the
mask of the transducers ensures that the performances of all devices are the
same.

The velocity of surface waves is slow compared to the velocity of
electromagnetic waves, therefore a small SAW-device can store large
quantities of information. With other words, in a compact volume a relative
large delay is possible.
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*

*

The information is accessible on the surface for processing, by tapping off or
combining different parts of the signal.

A SAW is almost not affected by electrical and magnetic fields so it is a very
stable wave. So in an acoustic device the interference from electromagnetic
waves is much less than in a electronic device.

In the next section the basic information about SAW-devices, such as the conversion
from the electrical signal to an acoustic wave, will be given.

2.2 Surface-acoustic wave devices

Figure 2.2 shows the basic elements of a SAW-device. The input signal is applied using
an optional matching network to the transducer. In this transducer the electrical signal
is converted into an acoustic signal. In the other transducer the acoustic signal, after it
has propagated over the acoustic medium, is reconverted into an electrical signal. The
signal could go through a matching network again before it appears at the output. The
matching networks are present or not depending on the type of acoustic medium.

trans- - ~ trans-
ducer acoustic medium ducer- ""'--

matching matching
network network

I I I I
input

Figure 2.2

output

Schematic of basic elements ofa SAW-device (4).
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2.2.1 Interdigital transducers

There are many methods ofgenerating and detecting surface-acoustic waves
electrically but the most common one uses InterDigital Transducers (IDTs). Figure 2.3
shows a simple delay line with interdigital transducers.

The IDT generates surface waves by using the piezoelectric effect of the substrate
material. Because of the anisotropic properties of piezoelectric materials the choice of
plane and orientation of the IDTs on that plane is important for the efficient
conversion from the electric signal to the acoustic signal.

transdueers

input output

Figure 2.3 Basic SAW-device configuration (~).

When an RF voltage is applied to the IDTs this generates an electric field which is
spatially periodic, with its period equal to the spacing of the electrodes to which it is
connected (d in figure 2.3). This periodic electric field causes a periodic distortion of
the substrate surface through the piezoelectric effect. This is how each pair of
electrodes excites a surface wave. All the separately excited waves from different
electrodes give rise to one larger acoustic signal. This is accomplished by choosing the
spacing d, between the different electrodes so that a surface wave travels from one
electrode to another in exactly the time that the RF voltage repeat itself (T = d/Vacoustic

wave). If the frequency of the RF voltage is changed to a non ideal value, the surface
waves will tend to cancel giving a reduced or zero signal

The IDTs in figure 2.3 are called bi-directional, because the finger pattern is
symmetric. The acoustic power is sent in both directions from the IDT and is the same
in both directions. If power is only wanted in one direction, unidirectional transducers
or an absorber on one side can be used.
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Interdigital transducers are one of the most important parts of a SAW-device. They
have a large influence on the surface wave and so on SAW-devices. This is one of the
reasons why all kind of modifications are made in time on the simple IDT described
here. As an example, "apodisation", is a method where the fingers of the IDT have
different lengths to alter the shape of the surface wave. For more information the
reader is referred to books and articles on SAWs and IDTs (3).(4),(~).(6).(7).

2.2.2 Materials for surface-wave devices

The material on which a SAW-device is implemented is important, because it has an
influence on the working of the SAW-device. In table 1 some common substrates for
SAW-devices are summarised. For these materials the orientation is given in column
two, for example Lithium niobate has an orientation Y,Z. This means the material is Y
cut and the surface wave propagates in the Z-direction. Further the surface wave
velocity (v), the relative change in velocity (~v/v), the piezoelectric coupling
coefficient k2 and temperature coefficient at are given.

material orientation velocity m/s ~v/v % k2 % at xl 06[OC]"1

Lithium Y,Z 3488 2.41 4.82 94
niobate

128° rot. , X 3992 2.72 5.44 75
LiNbO~

Lithium Y,Z 3230 0.33 0.66 35
tantalate

167° rot. , Y 3394 0.75 1.5 64
LiTaO't

Quartz Y,X 3159 0.09 0.18 -24

SiO., ST, X 3158 0.058 0.116 0

Gallium 001 , 110 2868 0.036 0.072 52
Arsenide

001 , 100 2868 0.036 0.072 52
GaAs

Table I (6) Substrate materials for surface-acoustic wave-devices.
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The surface wave velocity (v), depends on the orientation of the piezoelectric material,
but is always about 3000 mls. Putting a conducting layer on the surface, which is done
by the evaporation of IDTs on the SAW-device, shorts out partly the piezoelectric field
causing a reduction in velocity. The relative change in velocity is given by (!1v/v).

The piezoelectric coupling coefficient k2 for surface-acoustic waves is given by the
expression: k2 = 2 !1v / V (8). This is an important parameter; it expresses the efficiency
with which the conversion from electric signal to acoustic signal and vice versa can be
made.

The surface wave velocity (v) depends on the density and the elastic and piezoelectric
constants of the material, and if the temperature variations of these constants are
known the variations ofv can be found. Also the distance I between the input and
output IDT varies with temperature because of the expansion of the material.
Therefore a temperature coefficient of delay is defined and given by (6):

at = liT dT/d't = 111 dl/d't - lIv dv/d't

where 't is the temperature.

A substrate material for SAW-devices with a large piezoelectric coupling coefficient is
lithium niobate, LiNb03. This material was first used with the Y, Z orientation, later
the even stronger piezoelectric coupled 128° rotated, X orientation was discovered.
The disadvantage of this material is the large temperature coefficient. In the
experiments we used a SAW-device made on Y, Z oriented lithium niobate.

The input and output of this SAW-device are provided with matching networks which
are in this case tuneable inductors placed in series. The tuneable inductors were made
of plastic open cylinders with a diameter of0.5 mm in which a ferrite cylinder could be
positioned. The input and output tuneable inductors had 16 and 13 windings
respectively.

Two other common materials which are used for SAW-devices are quartz and lithium
tantalate. The ST-cut of quartz, Si02, is used when a good temperature stability is
needed although it has a small piezoelectric coupling. Lithium tantalate, LiTa03 has
properties between the extremes from lithium niobate and quartz. During the
experiments no SAW-devices made on these materials have been used.

Gallium arsenide, GaAs, is included in the table although it is weakly piezoelectric. The
reason why gallium arsenide is interesting as a substrate material for SAW-devices is
the possibility of monolithic integration of SAW-devices and active electronic circuits
on the same substrate. In the experiments a SAW-device made on gallium arsenide was
used. With this device no matching networks were present because the material is so
weakly piezoelectric that it dissipates nearly all the power and therefore matching
networks are ofno use in this case.

There are more materials which can be used as a substrate for SAW-devices, but these
will not be treated here. More information about substrate materials for SAW-devices
and about SAW-devices can be found in other sources (3),(4),(6),(7),(9).
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Different type of devices can be made using SAW techniques, for example delay lines,
filters, resonators, couplers and oscillators. For this project, the optical detection of
surface-acoustic waves, only a simple SAW delay line was used. Figure 2.4 gives the
layout of the LiNb03 SAW-device used.

- -- -------------- - --I
I

I

~ ~
I

surface-acoustic wave I
I ) I
1

I
I
I input output I

1- __ LiNb03 I
- - - -- - - -- - - - - - - - -

Figure 2.4 Layout of the lithium niobate SAW -device.
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3.

3.1

Detection of surface-acoustic waves

Introduction

Surface-acoustic waves can be detected and measured with two kind of probes: 1)
electrostatic probes and 2) optical probes. With the first, the surface potential can be
measured by means of a small tungsten needle on the substrate surface. The
disadvantages of this method are that it affects the surface wave and it can not be used
on top of the IDTs. However optical probes do not disturb the surface-acoustic wave
and it is possible to probe the IDTs with them. One of the objectives of this project
was to investigate IDTs, so the experiments will be based on an optical probe. Apart
from probes there are some special measurement systems for detection surface
acoustic waves, they will not be described here (10).

3.2 Currently available methods of optical SAW detection

There are various optical techniques for detecting surface-acoustic waves described in
the literature. These techniques can be classified in two main groups, first the
noninterferometric techniques and secondly the interferometric techniques. The first
group contains the following methods:

a) surface-grating technique / simple probing

b) knife-edge techniques

c) technique based on reflectivity

The interferometric techniques which have been either considered or implemented are
the following:

d) optical heterodyning

e) differential interferometry

f) velocity or time-delay interferometry.

The main idea behind all these techniques will be explained below, for further
information the reader is referred to review papers about optical detection of surface
acoustic waves (11),(12). (13).

12



a) Surface-grating technique: the surface-grating is produced by the surface-acoustic
wave. When a laser beam with a width larger than the surface wavelength A hits the
grating, two first-order diffiacted beams will accompany the specular reflected beam,
see figure 3.1. These diffracted beams can be detected by a photodiode,
photomultiplier tube, photographic paper, or by looking at a piece ofpaper which is
placed in the diffiacted beam (12).

incident
beam

reflected
-1 beam +1

laser width» f\.

figure 3.1 Principle of the surface-grating technique

b) Knife-edge technique: the main idea of this technique is shown in figure 3.2. When
the laser light hits the surface wave, the shape of the wave causes the specular beam to
be deflected. The beam deflection is measured by a position-sensitive detector or a
detector with a knife-edge in front of it. Using this technique, the size of the laser
beam has to be smaller than the surface wavelength A (13).

detector

Figure 3.2 Principle of the knife edge technique (11).
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c) Technique based on reflectivity: in this technique use is made of the fact that
surface-acoustic wave produces stress in the material. Because of this stress there is a
change in the refractive index of the material. This change of refractive index is small
but can be detected(l4).

d) Optical heterodyning: this technique uses a two-wave interferometer (Michelson,
Mach-Zehnder, Fiseau). It works by beating the reflected wave corning from the SAW
device with a reference wave (see figure 3.3). With frequency shifters in both beams
these probes are called heterodyne, without they are called homodyne (II).

rru.rror

C:i freq. shifter
saw-device

~ ~~t--+------..3!~----+----il....----..J
~ lens beam splitter

c::~ freq. shifter

detector

Figure 3.3 Schematic ofa interferometric probe (11).

e) Differential interferometry: here the technique consists of producing the interference
of two reflected waves corning from different points on the surface. It also could be
two waves from one single point which is illuminated by two distinct laser beams (11).

f) Velocity or time-delay interferometry: the basis of the technique is making the
wave, reflected by the surface to interfere with itself after a particular time. Two types
of interferometers can be used in this technique: two-wave (Michelson, Mach
Zehnder, .. ) and multiple-wave (Fabry-Perot) interferometers. This technique requires a
single frequency laser because of the necessary time-delay (II).

The different methods have their own advantages and disadvantages. The objectives of
the experiments done as apart of this project are the measurement ofbeam steering,
attenuation, diffraction and the investigation of the Interdigital Transducers (IDTs).
These measurements can all be done with the surface-grating technique which is a
relatively simple technique to implement and to use. In the next section this technique
will be explained more in depth.
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3.3 Surface-grating technique

In this technique the probing light beam should be several surface-acoustic
wavelengths A wide. When the laser beam strikes a periodically rough surface, e.g. a
surface-acoustic wave, the light is reflected into a number of diffracted orders, located
at discrete angles (see figure 3.4).

z

-1

Figure 3.4 Schematic of the scattering from a surface wave (I~).

These discrete angles of the diffracted beams are given by the grating equation:

. () . () nAsm n=sm 0+-
A

where n = ±1, ±2, ±3,... , the diffraction order

80 = angle of incident light beam

8n = angle of n-th order diffracted beam

A. = wavelength of the laser light

A = acoustical wavelength ( A = v/f)

15
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The positions of the diffracted beams are independent of the amplitude A ofthe surface
wave. But the intensities of the diffracted beams depend strongly on the amplitude of
the surface wave. In general the intensities of the successive diffracted beams go as
(kA)2 In l, where k is the wavenumber of the incident light (16). The wavenumber is
related to the wavelength of the light by k = 21t IA. From this it can be said that for a
surface wave with a relatively small amplitude, (kA)2 « 1, only the lowest-order
diffracted beams, n = 0,±1, need to be considered. When n = 0, this corresponds to the
main reflected or specular beam. While n = ±1 corresponds to the first order diffracted
beams.

The exact equation for the diffracted beam intensity is (17):

(2)

where 1n = intensity of the n-th order diffracted light beam (W/m2)

10 = intensity of the main reflected light beam (W/m2
)

A = amplitude of the SAW (m)

A = wavelength of the laser light (m)

eo = angle of incident light beam

The diffracted beams should be detected at the angles which follow from the grating
equation (2). The detection can be done by a photodiode, photomultiplier tube,
photographic paper, or by looking at a piece of paper which is placed in the diffracted
beam depending on the diffracted beam intensity and the use of the system.

There is also a simple probing technique which uses the transmitted diffracted beam
instead of the reflected diffracted beam which is described here (18). The method used
here is easier to implement.
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3.4 Surface-acoustic wave amplitude

As stated before, the intensity of the diffracted beams depends on the amplitude of the
surface wave. By determining the amplitude of the SAW, the diffracted beam intensity
can be calculated in advance. For determining the amplitude of the SAW, the following
approximate equation is used (9):

where A

A~~2Pw
pVlO

= amplitude of the SAW (m)

(3)

pav = average power density ofthe SAW (W/m2)

p = density of the device material (kg/m3)

v = velocity of the SAW in device material (mls)

ro = angular frequency (rad/s)

This equation considers the longitudinal motion of a SAW and finds an approximation
to the amplitude by considering the power in a bar of similar material. The area of the
bar is given by the width of the IDTs and the acoustic wavelength, the last is the depth
for which the surface-acoustic wave disturbs the material.

17



4.
4.1

Experimental set-up and measurements

Possible optical geometries

In figure 3.4 the principle of diffraction from a SAW is given. The angle of diffraction,
see equation (1), depends on the angle of incidence, the acoustical wavelength and the
wavelength of the incident light. These last two are fixed by using a particular SAW
device and chosen laser. A HeNe laser was used (A. = 632.8 om, visible red light), so
the angle of diffraction depends only on the incident angle of the laser light, which can
be picked from a wide range from normal incidence until nearly 90° as shown in figure
4.1.

\~

I~ ~ "'./ ~/,
A B C 0

Figure 4.1 Possible optical geometries for the incident laser beam.

For normal incidence (case A) the diffracted beam is very close to the incident and
reflected beam, from the grating equation (1). Further the reflected beam would
interfere with the incident beam. So there would be a need to use lenses or other
optical tools to detect the diffracted beam using this angle of incidence.

By using a larger angle of incidence such as shown in cases B, C and D there is no
need for lenses or other optical tools. Another advantage is that the difference angle
between the reflected or specular beam and diffracted beam will be increased. This is
shown in figure 4.2, where the grating equation is worked out for the LiNb03 and
GaAs SAW-devices which will be used in the experiments. The LiNb03 SAW-device
used in the experiments works at a frequency of 50 MHz. Together with the surface
wave velocity, from table 1, v = 3488 m/s this gives an acoustical wavelength ofA =
v/f= 69.8 Jlm. For the GaAs SAW-device used in the experiments the figures are from
table 1, v = 2868 m/s and the SAW-device works at a frequency of 128.2 MHz. This

18



gives an acoustical wavelength of A = vlf = 22.4 11m. Combined with the wavelength
of the ReNe laser, A= 632.8 om the difference 'between the incident and diffracted
angle can be calculated using the grating equation (1). These values from the
calculations for the angle of incidence between 0 and 900 are shown in figure 4.2.

---. 1(..
<D 10+
I ).

0

<D 9+ A GaAs
• 8+

a>
~ 7+m
I=: 6+ro

a>
s+

0 4+I=:
a> 3+ ).
H
a> A LiNbO)4.1 2+

4.1
...... (
'U

1~2~3~4~5~6~7~8~9~

angle of incidence .. 8 0

Figure 4.2 Grating equation worked out for the LiNb03
and GaAs SAW-devices used in the experiments.

These calculations indicate that a very large angle of incidence would be preferable
because the detection of the diffracted beam far apart from the specular beam is easier
to implement. But there is another point which should be taken into account, to do
with diffracted beam intensity (equation (2)). The diffracted beam intensity is a
function of the amplitude A of the surface-acoustic wave, the wavelength of the
incident light AHeNe , the main reflected beam intensity 10 and most important in this
case the cos of the angle which the incident light beam, 00 makes with regards to the
normal on the SAW-device.

During the experiments the SAW-device was working at one particular frequency and
therefore the amplitude of the surface-acoustic wave was constant. The wavelength of
the ReNe laser was also constant. The main reflected beam intensity depends on the
intensity coming from the ReNe laser and this is assumed to be stable. So the only
variable left to change the diffracted beam intensity is the angle of incidence. In figure
4.3, the first order diffracted beam intensity (11) is plotted versus the angle of
incidence (00).
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This figure shows that by increasing the angle of incidence the diflTacted beam intensity
falls offvery sharply. So from this point of view a small angle of incidence for the laser
beam is preferable. This is precisely the opposite of the situation following from the
grating equation and shown in figure 4.2, where a large angle of incidence was
preferred.

During the experiments a small angle of incidence was used to detect surface-acoustic
waves, to maximise the diflTacted beam intensity. For a reasonable increase in
difference angle between the main reflected and diffracted beam the angle of incidence
needs to be increased very much (see figure 4.2), and in that case the diflTacted beam
will have fallen in intensity to a significant extent. The difference angle between the
main reflected and diflTacted beam is less important than a large diflTacted beam
intensity.

Some experiments were performed where the angle of incidence is larger, these were
done after detecting surface-acoustic waves to confirm the relationship between the
angle of incidence and the diflTacted beam intensity shown in figure 4.3.

~...,
'r! 10fIl
I:l
OJ 9...,
s:: 8'r!

lO: 7f{j ,.......,
OJ :;3:

6.a .....
"0 0 5OJ -...,

""<[
U 4
f{j 0

H"::' 3....
'4-<
'r! 2
"0
H 1m

"t:l
H
0
+'
fIl
M
'r!....

Figure 4.3

1~2~3if4if5if6if7if8if9if

angle of incidence, 80

Diffracted beam intensity versus angle

of incidence.

The small difference angle between the main reflected and diflTacted beam will not be a
problem if the detector is placed at a reasonable distance from the SAW-device. The
distance between the main reflected and diflTacted beam at a distance I from the SAW
device is expressed by:
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where

d= I tan ~e

I = distance from the SAW-device (m)

(4)

d = distance between specular and diffracted beam at distance I (m)

~e = difference angle between the specular and diffracted beam CO)

By placing the detector at a particular distance from the SAW-device it will only see
the diffracted beam and not the main reflected beam.

So the optical geometry which was used in the detection of surface-acoustic waves is a
laser beam which hits the SAW-device with a small angle of incidence. For the LiNb03
SAW-device this diffraction angle is different from that for the GaAs SAW-device so
the detector was placed at different distances I when detecting surface-acoustic waves
on LiNb03 and GaAs.

The chosen optical geometry is shown in figure 4.4.

incident
laser beam

SAW

d
~ Fdetector

/

/+1
/b.8

}/

Figure 4.4 Optical geometry.
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4.2 Single slit and SAW diffraction

The beam from the ReNe laser which is used in the experimental set-up is not sharply
edged; around the main spot there is some clutter as well. This clutter together with
some light scattered from the imperfect surface of the SAW device material can
interfere with the diffracted beam. To reduce these light amounts coming from the
SAW-device and seen by the detector, an aperture was put in front of the laser beam.
The aperture was not chosen too small because than there was some severe loss of
optical power. On the other hand a too big an aperture will reduce the precision of the
laser probe or not solve the problem. The size of the aperture is deteIIDined by
approximating the diffraction from a SAW with the diffraction from a single slit (see
figure 4.5).

...... ~ ...

rmmrrrirm
single
slit

laser
beam

SAW

Figure 4.5 Diffraction from a SAW approximated by the diffraction from a single slit.

On the left side in figure 4.5 the diffraction from a single slit is shown. The light falls
on the slit and the result is the intensity pattern shown in figure 4.6. Notice that the
principal maximum is twice as big as the higher order maxima. The first minima occurs
at the small angle ,1.0 on each side of the principal maximum and the minima repeat
themselves after ,1.0. In the figure only the first, second and third secondary maxima
are shown. The intensity of these secondary maxima are respectively 4.72 %, 1.65 %
and 0.83 % ofthe principal maximum (19). There are of course higher order secondary
maxima but these are very small compared with the principal maximum.
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Figure 4.6 Intensity pattern from diffraction.

The calculation of the width of the principal maximum is done by using (19):

~0= A-
d cosE>o

(5)

where ~0 = angular half width of the principal maximum (rad)

A = wavelength of the laser light (m)

00 = angle of incident light beam (rad)

d = size of the slit (m)

The right side of figure 4.5 shows the diffraction from a SAW. The light in this case is
reflected and diffracted instead ofgoing through a slit and diffracted. The main
reflected beam gives a similar intensity pattern as in the case from a single slit. So
equation (5) can used to calculate the width of the principal reflected maximum coming
from the SAW. There is one change that has to be made in the equation, the width d of
the slit has to be replaced by the diameter of the laser spot. Also the diffraction from a
circular aperture was approximated by the diffraction from a single slit.

The size of the aperture and thereby the size of the laser spot can now be calculated.
As follows from figure 4.2 and the grating equation (1), the minimum distance between
the main reflected and diffracted beam is 0.52 0 (LiNb03 SAW-device). So by taking
the halfwidth of the principal maximum 0.52 0 and for small angles of incidence
between 0 and 100

, which are mainly used in the experiments, from equation (5) it
follows that the minimum diameter of the laser spot should be 0.7 mm.
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In the experimental set-up an aperture was used with a diameter of 1 mm. This was
done because the original spot size of the laser was about 1.5 mm. If an aperture with a
diameter of 0.7 mm had been used than there would be a lot of power from the laser
been lost.

The minimum size of the aperture has been calculated for the LiNb03 SAW-device.
The minimum diffraction angle for the GaAs SAW-device is bigger, 1.62 0, than that
for the LiNb03 SAW device. So here the aperture could even be smaller than 0.7 mm
according to equation 5. Therefore the aperture of 1 mm will work with both SAW
devices.

4.3 Phase sensitive detection

For the detection of surface-acoustic waves a detection system is used which is called
phase sensitive detection. The advantage of this system is that it only detects the AC
signal and blocks out the DC-signal. This means that if the SAW is pulsed, the
diffracted beams are pulsed. So the diffracted beams appear as an AC-signal and can be
detected by a synchronous detector. The main reflected beam and "clutter" are always
there regardless of whether the SAW is on or off and will therefore appear as a DC
signal which is rejected by the phase sensitive detection.

Phase sensitive detection was implemented in the experimental set-up as follows.
During the experiments the SAW-device was pulsed by the appropriate RF voltage,
this was done by combining the RF voltage and a pulse signal in a mixer. The
diffracted beam was then detected by a system which is synchronised with a signal
coming from the pulse generator at the same frequency as the SAW is pulsed. The
implementation is drawn in figure 4.7 and is explained in the next section.
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4.4 Experimental set-up

From the different experiments done as a part of the project the experimental set-up
has been altered and optimised. The final experimental set-up by which the best
measurements were made at this stage of the project is drawn in figure 4.7.
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Figure 4.7 Experimental set-up.

A RF voltage of 5 mV was supplied by the signal generator, in the case of probing the
LiNb03 SAW-device it supplied a voltage with a frequency of 50 MHz. When probing
the GaAs SAW the frequency was set to 128.2 MHz.

Figure 4.8 shows the signals coming from the pulse generator. The pulse signal with a
frequency of 1 kHz was connected together with the RF voltage to a mixer. The
synchronous output of the pulse generator is connected with the lock-in-amplifier and
the oscilloscope.
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Figure 4.8 Pulse generator signals

The output signal from the mixer, the 1 kHz pulsed RF voltage, was connected to an
amplifier with a gain of30 dB before it was connected to the SAW-device. The SAW
device was mounted so it can be moved easily in all three dimensions; this was done
for the LiNb03 as well as for the GaAs SAW-device. This was done so the place on
the SAW-device where the laser spot diffracts can be altered. Also probing the
acoustic beam overthe SAW-device can be done in this way. The output of the SAW
devices could be monitored but was not connected in the experimental set-up (see
figure 4.7).

The HeNe laser that is used in the set-up had an optical power of about 10 mW. The
first measurements were done with a laser of 0.95 mW but this seems to be to small for
these experiments. The red visible light from the HeNe laser ( J.. = 632.8 om) is useful
to adjust the laser beam and angle of incidence during the experiments because it can
be seen by the naked eye. A fixed aperture as described in paragraph 4.2 stands in front
of the laser.

From the SAW the main reflected and diffracted beam go towards the detector. Before
reaching the detector these beams have to pass a variable aperture. One of the reasons
for using this variable aperture is to block out the main reflected beam. The other is to
isolate the diffracted beam from clutter coming from other reflections from the device
surface before seen by the detector. As the name states the size of the aperture can be
altered to reach the best signal level (diffracted beam) and to minimise the noise
(clutter). The variable aperture had a shape ofa box and all four sides of this box could
be adjusted independently from each other, to reach the right size of the aperture and
to isolate the diffracted beam from the specular beam and clutter. It was made of black
metal and could also be adjusted in height.

A photodiode was used as detector for the diffracted beam. In the final experimental
set-up a photodiode with an internal amplifier was used. The responsively of this
photodiode is 160 mV/llW/cm at the wavelength of632.8 om (HeNe laser). The active
sensitive area of the photodiode is 5 mm2 so this means a maximum responsively of 3.2
V/llW.

The output of the photodiode was connected with the lock-in-amplifier and was also
connected directly to the oscilloscope. The lock-in-amplifier was capable of detecting
very small signals. On the oscilloscope the direct signal from the photodiode was
shown, which is proportional to the diffracted beam intensity.
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The connections from the photodiode to the output cable were kept as short as
possible and twisted to minimise the pick-up by the detector. The power supplies
(Thurlby PL31 0) for the photodiode and amplifier were connected to earth and the one
used for the photodiode had a network to minimise the noisy effect it had on the
photodiode.

During the experiments different angles of incidence, different SAW-devices and a
number of distances between the SAW-device and photodiode were used. An
overview of the equipment used in the experimental set-up is given in Appendix C.

4.5 Reflection from aluminium, LiNb03 and GaAs

To make the detection of the diffracted beam easier during the experiments the
diffracted beam intensity must be as large as possible. A way of increasing the
diffracted beam intensity is to increase the amount of reflected light from a SAW
device. Here the effect of evaporating an aluminium layer on top of a SAW device is
investigated. The amplitude coefficient of reflection r for electromagnetic waves, e.g.
light, is defined as (22):

where r

nz-m
r=---

nz+n,

= amplitude reflection coefficient

(6)

nl = refractive index of the first medium

n2 = refractive index of the second medium

This is correct for nearly normal incidence. For the entire range of incident angles ei,
the reflection change to (22):

nz cose; - n, cose;
r=-------

nz cose; +n, cose;
(7)

Because the work involves light intensities (power) it is better to use the reflectance R.
The reflectance is defined as the ratio of the reflected power to the incident power (22):

27



R=. Ircos(},. = Ir = VrSrE/
Ii COS (), Ii ViS i E/

(8)

where R

I-I

I r

S·I

Sr

v·I

Vr

Ei

Er

EoI

Er

= Reflectance

= intensity of the incident light beam (W1m2)

= intensity of the main reflected light beam (W1m2)

= angle of incident light beam (rad)

= angle of reflected light beam (rad)

= speed oflight in the medium before reflection (m/s)

= speed oflight in the medium after reflection (m/s)

= dielectric constant of the medium before reflection (F/m)

= dielectric constant of the medium after reflection (F/m)

= electric field of the incident light beam (Vim)

= electric field of the reflected light beam (Vim)

Here 0 r = 0i is supposed, this is correct for the incident and specular beam. Because
the angle between the specular and diffracted beam is so small, it can be used without
any problem for the diffracted beam as well. Since the incident and the reflected waves
are in the same medium, so vr= vi and Er = Ei the reflectance becomes:

(9)

The refractive index for the first material is that of air, n1 = nair = 1. The refractive
indices for lithium niobate (20) and gallium arsenide (21), the second materials, are n2 =

2.2 and n2 = 3.4 respectively. Now the reflectance for lithium niobate and gallium
arsenide can be calculated. Most experiments will be done with a small angle of
incidence, for an incident angle of 8° these reflectances will be calculated.
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For lithium niobate the result is R = 0.14 and for gallium arsenide R = 0.30. The
reflectance for aluminium at a wavelength of the incident light (ReNe laser A= 632.8
om) is 95 % (22). So the reflectance from an aluminium layer is about seven and three
times better than from lithium niobate and gallium arsenide respectively.

Therefore it can be concluded that it is useful to evaporate an aluminium layer on top
ofa SAW-device. The reflected beam intensity, but more important the diffiacted
beam intensity will be larger in that case.

4.6 Thickness of the aluminium layer

By evaporating an aluminium layer on top of a SAW-device the surface-acoustic wave
wavelength will be altered. This effect must be minimised by keeping the aluminium
layer as thin as possible. On the other hand is there a minimum thickness which is
needed for the aluminium layer to work as a reflective layer. The minimum thickness of
the aluminium layer has to be large compared with the so called skin or penetration
depth. This is the depth for which the flux density of the light will drop by a factor e- I

~

113.

The skin depth ds is given by the following equation (23):

where

ds= ~V;;;

= skin depth (m)

ro = angular frequency (rad/s)

Jl = permeability (HIm)

cr = conductivity (110m)

(10)

The permeability of aluminium is: Jl = 1l0Jlr = 4nxlO-7 x 1.00000065 = 1.25664xlO-6
HIm. Together with the conductivity, which is 3.82xl07 0-1 m-I for aluminium and the
angular frequency, ro = 2nf of the incident light, gives this a skin depth for aluminium
of around 40 Angstrom.

The evaporated layer on the SAW-devices was about 500 Angstrom. This is
significantly larger than the skin depth. The layout of the LiNb03 SAW-device after
evaporating an aluminium layer is given in figure 4.9.
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It should be noted that not the whole area where the SAW propagates has been
covered by aluminium. This is so that the device can be used to probe surface-acoustic
waves on the aluminium layer as well as on lithium niobate.
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Figure 4.9 Layout of the lithium niobate SAW-device with aluminium layer.

The effect on the surface-acoustic wave by the aluminium layer, was expected to be
minimal. By measuring the power, the amplitude .of the surface-acoustic wave before
and after the evaporation of a aluminium layer could be calculated using equation (3),
this will be shown in paragraph 5.2. For the LiNb03 device the result was an
amplitude of4.2 Angstrom before evaporating an aluminium layer and 3.8 Angstrom
after evaporating an aluminium layer. Using these figures in equation (2) is shows that
there is a small effect on the first order diffracted beam intensities:

4.2 Angstrom: II = 1.71 x 1O.~ x IO
3.8 Angstrom: II = 1.40x 1O-~ x IO

It must be mentioned here that there is a phase change under the aluminium layer so
the insertion loss does not correctly indicate the change in amplitude. Here the phase
change is assumed to be very small and therefore not taken into account.

Evaporating an aluminium layer on top of a SAW-device has a small effect on the
surface-acoustic wave but a large effect on the optical reflectance. So the LiNb03 and
GaAs SAW-devices used in the experiments have an aluminium layer on top of the
area where the surface-acoustic waves propagate as shown in figures 4.9 and 4. 10.
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Figure 4.10 Layout ofthe gallium arsenide SAW-device.
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5.
5.1

Experimental results

Detection of surface-acoustic waves on LiNb03

The layout of the lithium niobate SAW-device used in these experiments is given in
figure 4.9. For this device first the expected diffracted beam intensity will be
calculated.

The device works at a frequency of 50 MHz and had an insertion loss of 16 dB, these
figures were measured before the device was placed in the experimental set-up. The
applied pulsed RF voltage was measured at the input and output of the SAW-device in
the experimental set-up. This gave the following figures: Vinput = 9.0V and Voutput =
0.5V which are used to calculate the average powerflow Pav. The average powerflow
was then used in equation (4) to get an approximation for the amplitude of the SAW
which was used in equation (2) to get an idea of the first order diffracted beam
intensity.

Pav = (Vinput x Voutput) I (2"2 x Rs x Area) (11)

The area of the bar of material is given by the width of the IDTs times the acoustic
wavelength. The acoustic wavelength is the depth for which the surface-acoustic wave
disturbs the material. For the LiNb03 device the width of the IDTs is 4 mm and the
acoustic wavelength A = v/f= 69.8 11m so this gives an area of2.792xIO·7 m2

.

Together with an impedance ofRs = 50 n this results in an average power of Pav =
1.140xIO~ W/m2•

With equation (4) the amplitude of the surface-acoustic wave can now be
approximated. In this calculation the velocity of a SAW on LiNb03 is taken from table
1 and the density ofLiNb03 is p = 4640 kg/m3 (18). The result is that according to these
calculations the SAW has an amplitude of 3.8 Angstrom.

From paragraph 3.3, when a relatively small amplitude, (kA)2 « 1, is considered, only
the lowest-order diffracted beams, n = O,±I, need to be taken into account. With the
wave number k = 21tI"'HeNe and an amplitude of3.8 Angstrom this condition is
satisfied (kA = 0.0038), so the experiments attempt to detect the first order diffracted
beams.

As stated before, the LiNb03 SAW-device had an YZ orientation, therefore the
velocity v = 3488 m/s and acoustic wavelength = 69.8 11m. In the experimental set-up
an angle of incidence of 80 was used to detect surface-acoustic waves. So the
difference angle between the main reflected and first order diffracted beam (from
equation(1» is 0.53 0

•
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All these figures can now be used in equation (2), which gives a value for the first
order diffracted beam intensity of 1.40x 1O-~ 10 , where 10 is the main reflected beam
intensity. This is all calculated for 100 % reflection of the incident light intensity from
the SAW-device. In practise the reflection from the aluminium layer is 95 % and the
reflection from LiNb03 is only 14 %, which has been shown in paragraph 4.5. The
HeNe laser used in these experiments had an optical power of around 10 mW, so the
diffracted beam intensity from the aluminium layer and from the LiNb03 should
respectively be 0.133 IlW and 0.0196 IlW.

During the experiments surface-acoustic waves on the LiNb03 SAW-device were
detected optically. With the help of the digitallock-in-amplifier the photodiode was
positioned at the precise place where the first order diffracted beam occurred by
looking for the maximum first order diffracted beam intensity. On the oscilloscope the
1 kHz detected first order diffracted beam signal from the photodiode was directly
observed.

In this way the first order diffracted beam coming from the aluminium layer and
directly from the LiNb03 were detected. The AC-signal from the photodiode were
from the aluminium layer and directly for the LiNb03 respectively 1.66 V and around
0.20 V and the DC-signal was 6 V. These values can be used together with the
responsivity of the photodiode to calculate the measured first order diffracted beam
intensities.

The responsivity of the silicon photodiode combined with a high gain low noise
amplifier was 3.2 V/IlW (24) so this means that the diffracted beam intensity coming
from the aluminium layer on top of the SAW-device is 0.519 IlW. For the diffracted
beam intensity coming directly from the LiNb03 surface of the SAW-device this gives
0.0625IlW.

If these results are compared with the theoretical calculated values the first order
diffracted beam intensity coming from the aluminium layer is almost four times larger
than expected. The diffracted light beam intensity measured from the LiNb03 surface
is more than three times the expected intensity. The first order diffracted beam
intensity from the aluminium layer on top of the SAW-device is about eight times more
than the intensity measured directly from the LiNb03 surface. This is in close
agreement with the theoretical expectation of seven times.

The first order diffracted beam coming from the aluminium layer could be seen by the
naked eye. To see this the diffracted beam had to be isolated by the variable aperture
so only the diffracted beam hits the photodiode. By placing a white piece of paper in
front of the photodiode and turning the SAW-device on and off manually the first
order diffracted beam becomes visible to the human eye, but only when using the
aluminium layer. The diffracted beam coming directly from the LiNb03 can not be
seen by the naked eye; the intensity of this diffracted beam was not large enough.
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5.2 Higher order diffraction and different angles of incidence

For a surface-acoustic wave with a relatively small amplitude, (kA)2 « 1, only the first
order diffracted beams need to be considered (see section 3.3). By using equation (1)
and (4) the experimental set-up was easily adapted to position the photodiode to the
place where higher order diffracted beams should appear and therefore the statement
can be checked.

The LiNb03 SAW-device had a SAW amplitude of A = 3.8 Angstrom. Combined with
the wave number of the laser light k = 21t/AHeNe = 21t1632.8x 10-9 rad/m this gives
(kA)2 = 1.4xlO-5 which is much smaller than unity so higher order diffracted beams
should not be detected according to the statement.

In the experimental set-up, the angle of incidence was not altered, but the photodiode
was positioned at the correct angle where the second order diffracted beam should
appear. In this position no diffracted beams where detected at all as expected.

Looking at equation (2) it becomes clear why no higher order diffracted beams can be
detected when the amplitude of the surface-acoustic wave is relatively small. The
intensity of the diffracted beams is proportional to (kA)2 In l. For the second order
diffracted beam the intensity should then be:

If the laser power is taken 10 mW and the reflection from the aluminium layer 95 %,
this gives 12 = 1.85x 10-\2 W. From the first order diffracted beam intensity
measurement from LiNb03 it was estimated that with the experimental set-up light
intensities up to 1xl 0-9 W could probably be detected. So the second order diffracted
beam intensity is too small to be detected with the experimental set-up and higher
order diffracted beam intensities are even smaller.

Another interesting point which can be investigated with the experimental set-up is the
relation between the angle of incidence and the intensity of the first order diffracted
beams (see equation (2)). When the angle of incidence becomes larger, the diffracted
beam intensity becomes smaller as shown in figure 4.3.

By adjusting the angle of incidence to different values in the experimental set-up the
decrease in the first order diffracted beam intensity was measured. The laser
wavelength (AHeNe = 632.8 run) and laser power (I = 10 mW) were constant. Also the
amplitude (A = 3.8 Angstrom) of the surface wave on the LiNb03 SAW-device was
constant and the diffracted beam was coming from the part of the SAW-device with
the aluminium layer (R = 95 %).
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Therefore the diffracted beam intensity only depends on the angle of incidence in this
case. The theoretical calculated and experimental measured figures are given in table 2.

Angle of Calculated Measured
incidence 0 0 [°1 intensity I 1 [~W1 intensity I1 [~W]

8 0.133 0.519

25 0.117 0.418

45 0.071 0.292

60 0.036 0.115

Table 2 Angle of incidence versus calculated and measured

first order diffracted beam intensities.

Only a few measurements were done but the results were clear that indeed the
diffracted beam intensity decreases when the angle of incidence increases. Notice the
fact that the experimental measured diffracted beam intensities were larger than the
theoretically calculated. This could be because the laser beam is higher than 10 mWor
equation (3) gives not a good approximated value for the amplitude of the SAW. The
calculated and measured first order diffracted beam intensities from table 2 are shown
in figure 5. 1.
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5.3 Detection of surface-acoustic waves on GaAs

Just as done for the LiNb03 SAW-device the expected first order diffracted beam
intensity will be calculated for the GaAs SAW-device and later compared with the
measured diffracted beam intensity. The layout of the GaAs SAW-device is different
from that of the LiNb03 SAW-device and is shown in figure 4.10. On the GaAs SAW
device almost the whole area where the SAW propagates was covered with aluminium
and only that part was probed by the laser beam to detect surface-acoustic waves.

In the experimental set-up first the frequency of the pulsed RF voltage was changed to
128.2 MHz. Measuring the voltage at the input and output of the GaAs SAW-device
resulted in the following figures: Vinput = 4.0V and Voutput = 0.1 V which were again
used to calculate the average powerflow Pay with equation (11).

For the GaAs SAW-device the width of the IDTs is 0.7 rnm and the acoustic
wavelength A = v/f= 22.4 J.lrn. The SAW velocity on GaAs is taken from table 1, v =
2868 mls. The area of the bar of GaAs which is used to approximate the powerflow
was the width of the IDTs multiplied by the acoustic wavelength. The latter is
approximately the depth for which the surface-acoustic wave disturbs the material and
therefore the Area = I.S68xl0·s m2• Because it is a very small area this results in a
larger average power density, Pay = 1.806xl05 W/m2 than for the LiNb03 SAW
device.

Equation (4) was used to approximate the amplitude of the surface-acoustic wave on
the GaAs SAW-device. In this calculation the density of GaAs is taken to be p = S317
kg/m3 (21). Now with all these figures the amplitude can be calculated and turns out to
be 1.9 Angstrom. The wave number k of the incident laser light stays the same because
the same HeNe laser was used in the experimental set-up, but the amplitude A of the
SAW becomes smaller, so (kA)2 « 1, and only the lowest-order diffracted beams
need to be considered again as explained in paragraph 3.3.

In the experimental set-up an angle of incidence of 80 was used again to detect surface
acoustic waves. For the GaAs SAW-device the minimum difference angle between the
main reflected and first order diffracted beam was 1.640 (from equation (1)).

Using equation (2) and an optical power of approximately 10 mW, and assuming a
reflectance from aluminium (R = 9S %) gives a calculated first order diffracted beam
intensity of 0.0332 J.lW.

The first order diffracted beams and therefore surface-acoustic waves on the GaAs
SAW-device were detected optically in these experiments. Positioning the photodiode
at the precise place where the maximum of the diffracted beam occurred was done
again with the help of the digitallock-in-amplifier.
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The signal from the photodiode was directly connected to the oscilloscope and showed
the detection of the 1 kHz pulsed first order diffracted beam . A picture was taken
from this signal and is shown in figure 5.2.

Figure 5.2 Detected pulsed diffracted beam signal coming from

GaAs SAW-device. Horizontal: 0.2 ms/div. Vertical: 0.1 V/div.

As can be seen from figure 5.2 the voltage coming from the photodiode is 0.70 V. This
value together with the responsivity of the photodiode can be used to calculate the
measured first order diffracted beam intensity. The responsivity of the photodiode was
3.2 VIIIW so this means that the diffracted beam intensity coming from the aluminium
layer on top of the GaAs SAW-device is 0.219IlW.

Compared with the theoretical calculated value for the first order diffracted beam
intensity coming from the aluminium layer of the GaAs SAW-device this value was
more than six times higher than expected.

Just as with the first order diffracted beam coming from the aluminium layer on top of
the LiNb03 SAW-device, the first order diffracted beam can be seen by the naked eye.
Again placing a white piece of paper in front of the photodiode and turning the SAW
on and off manually, after the diffracted beam was exactly positioned on the
photodiode makes the diffracted beam visible to the naked eye.
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5.4 Measuring the attenuation of a SAW

When the surface-acoustic wave travels from the input IDT towards the output IDT its
amplitude will decrease. Some reasons for this are: 1) Air loading, energy is lost to the
air adjacent to the surface. 2) Scattering from crystalline defects, impurities and surface
defects. 3) Interaction with thennally excited elastic waves (25).

When scanning with a laser beam over the area where the surface-acoustic wave
propagates a change in the first order diffracted beam intensity must appear because of
the attenuation of the amplitude of the SAW, see equation (2). In the experimental set
up the SAW-device was mounted on a three-dimensional stage so could be moved
easily to measure this attenuation of the surface-acoustic wave. These measurements
were done for the LiNb03 and GaAs SAW-devices.

The layout of the LiNb03 SAW-device is shown figure 4.9. During the experiments
the laser beam was moved over the area where an aluminium layer was evaporated on
top of the lithium niobate (probing above the top arrow in the figure). This was
because there the signal measured is much larger than directly from the LiNb03.

These measurements were done a number of times but the results were not repeatable.
This was definitely the case when the SAW-device was moved so the laser beam hit
the aluminium layer at a different point (above or beneath the top arrow in figure 4.9)
on the aluminium layer. A reason for this inconsistency could be the aluminium layer
on top of the LiNb03 SAW-device. This layer was evaporated separately from the
IDTs with a very simple mask and therefore might have some defects or might not be
very smooth.

The same kind of measurements were done for the GaAs SAW-device. At first the
SAW-device was connected with the input to IDT B and the output to IDT A. In that
case surface-acoustic waves will propagate from B to C and from B to A as is shown
in case I of figure 5.3. The reason for this is that the IDT is bi-directional, so power
will flow in both directions.

A B C

I • • •
]I • • •D E F

Figure 5.3 Layout of the GaAs SAW-device used for powerflow
measurements.
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Probing with the laser beam over the aluminium layer from B to A showed most of the
time a first order diffracted beam intensity which was decreasing. When the same
measurements were done on the aluminium layer from B to C also a decrease in
detected first order diffracted beam intensity was measured, with one exception that
the diffracted beam intensity was 25 % bigger than for the aluminium layer B to A.

A reason for this could have something to do with reflections from the not connected
IDT A. Another reason could again be that the aluminium layers A to Band B to C
differ in quality.

These last results were one of the reasons to do a second type of measurements with
the difference that IDT F was connected to the input and IDT E to the output. The
response of the SAW-device was the same, but in case II the surface-acoustic wave
propagate only in one direction, see figure 5.3.

The results from probing this configuration with the laser beam was that the detected
first order diffracted beam intensity decreased when the laser spot was moved from F
to E. Further decrease of the first order diffracted beam was measured by probing the
aluminium layer from E to D.

When probing the GaAs SAW-device also different diffracted beam intensities were
measured when the SAW device was moved and thereby the laser beam hit another
part of the aluminium layers. But in general there was always a decrease in diffracted
beam intensity measured when probing away from the IDT connected to the RF
voltage supply.

Because the top and the bottom sides of the aluminium layer (width = 0.7 mm) on the
GaAs SAW-device were not as straight as they are drawn in the figure 5.3 the reflected
and diffracted beam intensities changed when probing over these layers. Therefore it is
useful to reduce the size of the laser spot « 0.7 mm) so the sides of the aluminium
layer do not have an effect on the measurements anymore.
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5.5 Measuring perpendicular waves from an IDT

In a practical SAW-device there is also another effect which makes an IDT send
surface-acoustic waves in other directions (see figure 5.4).

T
.::t AIm

(

Figure 5.4

)

Acoustic waves from a symmetric lOT.

In figure 5.4 a bi-directional or symmetric lOT may launch surface-acoustic waves
perpendicular (Y direction) to the main surface-acoustic wave directions (X direction)
for which the lOT has been designed for. These perpendicular waves, as they will be
called here, are a result from the constructive interference of a number of small waves
from the spaces between the top of the positive or negative fingers and the connecting
pad of an lOT. The space between a finger and the connecting pad and therefore the
wavelength of these small waves is Nm (m is a real). But all these small waves
together could give rise to a surface-acoustic wave with the appropriate acoustical
wavelength A = v/ffor the material on which the SAW-device is made.

To measure perpendicular surface-acoustic waves in the experimental set-up only the
LiNb03 SAW-device has been used. This because the GaAs SAW-device is made on a
substrate with different devices very close to each other. As shown in figure 5.5, there
was very little space to probe between the lOTs from different SAW devices. If one
IDT was probed with the laser spot diameter of 1 mm, which is used in the
experimental set-up, there will be some reflections from the top or bottom lOT
connection pad as well which could interfere with the wanted signal.
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Figure 5.5 SAW-devices made on GaAs substrate.

The LiNb03 SAW-device used in these experiments was made on a Y,Z-orientation as
has been mentioned before. So the main surface-acoustic waves propagate in the Z
direction and therefore the perpendicular surface-acoustic waves propagate in the X
direction. For LiNb03 the velocity and piezoelectric coupling for the Y-cut, X
propagating differ from the Y-cut, Z-propagating. The velocity and piezoelectric
coupling coefficient for both orientations are given in figure 5.6 (20).

The piezoelectric coupling coefficient in the X-direction is smaller than in the Z
direction but compared to other materials (see table 1) relatively large, so surface
acoustic waves can propagate in the X-direction. The velocity in the X-direction is also
different from that in the Z-direction. This has an effect on the angle of diffraction
which again can be calculated with the grating equation (1). The different velocity also
has an effect on the efficiency of coupling the surface-acoustic waves to the substrate
by the IDT, because the ideal spacing of an IDT will not be the same for Y,Z and Y,X
orientation.

Y,Z

I II 1/ output

LiNbO3

9~

1
2

k=4.82%
v = 3495 mis

input
I II ( ) Y, X

k
2=1.57 %

v= 3759 mJs

Figure 5.6 Acoustic wave figures for LiNbO).
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In the experimental set-up the LiNb03 SAW-device was rotated 90° before it was
mounted on the three-dimensional stage. The angle of incidence was again chosen to
be go, so that the photodiode did not have to be placed in a new position. With
equation (1) the angle of first order diffraction was calculated to be 0.49° for this set
up.

During the measurements the lock-in-amplifier was set to a very sensitive mode
because the perpendicular waves were expected to have a much smaller amplitude than
the surface-acoustic waves propagating in the Z-direction. The lock-in-amplifier was
set to a value of 1 mV for the signal coming from the photodiode, this means a light
intensity of 0.3 nW.

In the experiments no perpendicular waves were detected. One reasons for this could
be that probing for perpendicular waves had to be done over a spare pair of interdigital
transducers, which might influence the perpendicular waves or the reflected light.
Another reason could be that the perpendicular surface-acoustic wave had such a small
amplitude that it could not be detected with this experimental set-up.
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6. Conclusions

The optical detection of surface-acoustic waves on the lithium niobate is
straightforward after the experimental set-up was optimised. This was done by
reducing the pick-up by the photodiode and reducing the amount of noise in the
system.

After measurements of first order diffracted beam intensities coming from an
aluminium layer on top of the LiNb03 SAW-device and directly from LiNb03 , it can
be concluded that it is very useful for the optical detection surface-acoustic waves to
evaporate an aluminium layer on top ofa SAW-device where the SAW propagates if
that is possible. In the case of lithium niobate the diffracted beam intensity will then be
seven to eight times larger. Evaporating an aluminium layer on top of GaAs SAW
device will increase the diffracted beam intensity by a factor of three times.

The experimental-set-up was optimised during the experiments done on the LiNb03
SAW-device. The optical detection of surface-acoustic waves on the GaAs SAW
device shows that although the surface-acoustic wave had a small amplitude, the first
order diffracted beams are easy to detect by using a photodiode with internal gain.

The measured first order diffracted beam intensities from the LiNb03 SAW-device
were always three to four times larger than they should be according to the
calculations. The first order diffracted beam intensities measured from the GaAs SAW
device were almost six times larger than the theoretical values. It must be concluded
that the calculated values were too small. Reasons for this could be:

*

*

*

Equation (3), which approximates the surface-acoustic wave amplitude is not
correct and underestimates the SAW amplitude. Therefore the calculated first
order diffracted beam intensities, which are calculated with equation (2) are
smaller than in reality.

The ReNe laser used in the experiments, which has an average optical
power of 10 mW (26), works closer to the maximum optical power of30
mW than to the average optical power. Therefore the measured
diffracted beam intensities are larger than calculated with equation (2).

Another reason could be that the calculations of the average powerflow ofthe
surface-acoustic wave, done with equation (11) and therefore the calculated
amplitude of the SAWs, were not correct. There is a more precise and
complicated way to calculate the average power which is given by S. Datta (3).

This method is not used for the calculations in this report, but it is
recommendable to use it in the next stage of this project.
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Although the measurements done as part of this project are not consistent, it must be
possible to probe the surface-acoustic wave over the device and therefore detect the
attenuation of the wave with the experimental set-up described here. To make the
measurements more consistent the unwanted reflections have to be minimised. This
could be done by using a laser with a smaller spot size or making sure that the
imperfections on the surface of the device are minimised.

No perpendicular surface-acoustic waves have yet been detected with this system.
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7. Recommendations

When probing a SAW-device to measure the attenuation ofa surface-acoustic wave a
smaller laser spot size is preferable. This because the influence of the imperfections of
the probed surface will decrease in that way. Also for the detection of surface-acoustic
waves launched by the IDT perpendicular to the main surface-acoustic wave direction
a smaller spot size could help to detect them. In that way the interference coming from
other devices is minimised. The first recommendation is to decrease the spot size of the
laser used in the experimental set-up.

If the size of the laser spot were reduced, it is not advisable to use a smaller fixed
aperture. This because the optical power ofthe laser beam probing the SAW-devices
will loose a lot of its power in that way. It is better to use a lens system to focus the
laser beam to a smaller spot on the surface of the SAW-device. Although this is harder
to implement in the experimental set-up a lens system has the advantage over a fixed
aperture that the laser beam will not lose so much optical power.

A third recommendation is to replace the manually adjustable three-dimensional stage
on which the SAW-device have to be mounted by a more precise motorised one.
During the experiments this three-dimensional stage was not particularly stable and
that the three directions could not be changed by a small amount manually. By using a
motorised three-dimensional stage the SAW-devices could be probed in a more precise
and controlled way.
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Appendix A: List of synlbols

A

A

E- =1

Er =

10

11

In

Pav =

R =

Rs

Vinput =

Voutput=

d

ds

k =

k2 =

=

m

n =

n' =1

r

v

v·1

Vr

surface-acoustic wave amplitude [m]

Angstrom [10-10 m]

electric field of the incident light beam [VIm]

electric field of the reflected light beam [VIm]

intensity of the main reflected light beam [W1m2
]

intensity of first order diffracted light beam [W1m2
]

intensity ofn-th order diffracted light beam [W/m2]

average surface-acoustic wave power [W1m2]

Reflectance

resistance [0]

input voltage [V]

output voltage [V]

distance [m]

skin depth [m]

wave number [radlm]

piezoelectric coupling coefficient

distance from SAW device [m]

real number

order of diffraction

refractive index of media i

electromagnetic wave reflection

velocity [m/s]

speed of light in the medium before reflection [m/s]

speed of light in the medium after reflection [m/s]
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(f!v/v) = relative change in velocity

x = cartesian coordinate

y cartesian coordinate

z cartesian coordinate

A acoustical wavelength [m]

00 = angle of incident light beam [0]

01 = angle of first order diffracted light beam [0]

0 n angle ofn-th order diffracted light beam [0]

f!0 difference angle between main reflected and diffracted beam [0]

at temperature coefficient [oq")

E" dielectric constant of the medium before reflection1

Er dielectric constant of the medium after reflection

A wavelength [m]

~ = magnetic permeability [HIm]

~r relative magnetic permeability

~O natural magnetic permeability

p density [kglm3]

cr conductivity [110m]

't temperature [oq

(J) = angular frequency [rad/s]
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Appendix B: List of abbreviations

GaAs Gallium arsenide

IDT

LiNb03

SAW

=

Interdigital transducer

Lithium niobate

Surface-acoustic wave
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Appendix C: List of equipment

Signal generator: Radio Spares LSG-17

Pulse generator: Thandar TG 105

Mixer: Anzac MD-143

Amplifier: Anzac AM-I 10

Lock-in-amplifier: EG & G Brookdeal 5205

Photodide: Centronics 10530 DAL

Oscilloscope: Trio 1100 CS

Laser: Melles Griot 05-LHR-991
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