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ABSTRACT

This work concerns the optimization of surface acoustic waves
(SAW) devices on piezoelectric crystal materials and the investi-
gation of SAW propagation and resonant modes in these systems.

Surface acoustic waves are mechanical waves that can be ex-
cited only at interfaces of a solid. They are a combination of share
and longitudinal waves, since the material is stretched in both
directions of wave propagation and perpendicular to the surface.
They are called surface waves because the strain decreases expo-
nentially with distance from surface, and usually the penetration
length is about a wavelength.

Piezoelectric materials are solid bodies where the deformation
and the electric field are coupled: an electric field produces a
strain and a strain produces an electric field. These materials
are suitable for our task because an oscillating electric field can
efficiently generate a mechanical perturbation: a particular shape
of electrode, called interdigitate transducer (IDT) can produce
a SAW. The IDT consists of a series of metallic lines: when an
oscillating potential is applied, each couple of consecutive lines
behave as a capacitor, producing an electric field that deforms the
piezoelectric substrate.

The piezoelectricity can be shot down for a short distance from
the surface, depositing a metallic layer. A deformation of this
structure needs the same amount of energy for the elastic defor-
mation, but does not require anymore the electrostatic energy
to produce the electric field: a piezoelectric material with a thin
layer of metal on its surface is less stiff than before. As a result
there is a different propagation velocity of waves for piezoelectric
material covered by a metal, which correspond to a change in
the index of refraction experienced by the propagating wave for
the transition during its transition between the metallized part
to the free one. Therefore periodic structure of different index of
refraction can be used in order to obtain Bragg reflectors. Two
of these mirrors in series make a cavity, where the confined SAW
can interfere constructively.

A SAW brings an electric field as it propagates; the velocity of
a SAW is about 3000 7, 5 order of magnitude smaller than the
light speed: the coupled electric field is driven completely by the

xiii

Surface Acoustic
Wave (SAW)
produced on a
piezoelectric
substrate by
applying an
oscillating potential
to interdigital
electrodes.

Interdigitate
transducer (IDT)
electrodes on
piezoelectric
substrate.



[

»

il

o

Hair on IDT.

mechanics propagation, and obey to electrostatic equations. This
tield can be coupled with other physical system.

In this thesis the SAW devices are investigated, in the form of fil-
ters and resonators on bulk GaAs and an heterostructure of GaN
on sapphire. The devices are fabricated with photolithography
with features usually at optical limit i.e. ~ Tum.

A preliminary study on GaAs was carried out in order to
understand the best geometry suitable for the filters: a range
of different number of electrodes pairs in the IDT, distances
between emitter and receiver and IDT shapes are examinated.
The results gave the direction for the design of the resonators
emitters.

Another study of resonators on GaAs was carried out using a
range of different number of electrodes in the Bragg reflectors and
in the emitter, different electrodes lengths and different distances
between the Bragg reflector.

The best devices were selected for a systematic study of the
Q-factor of resonators on GaAs. At the same time these devices
were tested with a light source that promotes electrons in the
conduction band. Moreover the best filters and resonators were
tabricated on the GaN heterostructure.

Finally a simulation of filters and resonators with finite ele-
ments method (FEM) was conducted.

Xiv



THEORY OF SURFACE ACOUSTIC WAVES

Surface acoustic waves (SAW) are mechanical oscillations travel-
ing on the surface of an elastic material, whose amplitude decrease
exponentially with depth. Since they are a combination of longi-
tudinal and shear waves, there are two kinds of SAW: Rayleigh
waves, when the shear plane is normal to the surface, and Love
waves, when the shear plane is parallel to the surface. From now
on we refer only to Rayleigh waves.

SAW solutions of motion equations can be obtained easily in
isotropic elastic materials; these solutions also exist for anisotropic
elastic materials and for piezoelectric ones, but in these cases there
are difficulties due to the higher dimensions of the problem (for
example the wave dispersion relation becomes a secular equa-
tion). Moreover the search for boundary conditions that excite a
SAW on a piezoelectric material can be often studied only with
perturbative techniques [7], or with numerical methods.

For these reasons in this chapter we briefly give a simple unidi-
mensional treatment for SAW devices, that is enough for under-
standing the chapter 2 on experimental setup and the chapter 3
on measurements. Then a more detailed study on the physics of
SAW is carried on. This part is fundamental for reading chapter 4
on numerical solutions of motion equations, because it explains
the dynamics SAW on piezoelectric materials.

1.1 OVERVIEW ON SURFACE ACOUSTIC WAVE

In this section a simplified unidimensional treatment of surface
acoustic waves is presented in order to give an idea of the phe-
nomenon. Firstly the motion equations are derived, in order to
make the reader comfortable with the dynamics of the SAW, then
it is shown how a particular shape of electrode can excite these
waves and interact with them.

1.1.1  Unidimensional mechanical equations

Applying a force F to a solid body of length | and lateral area A,
a displacement Al occurs. For small deformation, % < 1, the

Rayleigh and Love
waves (top and
bottom of the figure
respectively).
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THEORY OF SURFACE ACOUSTIC WAVES

displacement is proportional to the force and the Hooke’s law
holds:
F = KAl (1.1)

where k is the elastic coefficient. For an anisotropic material,
different directions of the force correspond to different values of
k, but let us consider a fixed direction. k depends on the total
length 1 and on the area A: in fact two equal bodies in series lead
to doubling the displacement for the same amount of force, and
for two equal bodies in parallel we expect the half. Therefore it
is useful to consider the elastic constant for unit length and unit
area. Defining the stress o as the force per unit area
F
o= X (1.2)

and the strain s as the displacement per unit length:

Al
s = 4 (1.3)
the Hooke’s law can be written as:
kl
o= AS=¢s (1.4)

where c is called elastic constant and it is measured in Pascal.

If the force F applied to the body depends on time, so does
the displacement Al = u(x,t). Therefore it is possible to excite
mechanical waves in an elastic solid. Applying third Newton law
to displacement we obtain:

F
F=mdZu = V- (—LY = pdiu. (1.5)

Using the Hooke’s law and taking the limit for infinitesimal body
(1—0):

g — 040
L U = 0,0 = cdys = cd2u = pd2u  (1.6)
s = 1 — OxU

and we then obtain the wave equation:
2.y
ou — Batu =0. (1.7)

This is a linear non dispersive and non dissipative equation. The
sound of speed is

v=,/—. (1.8)



1.1 OVERVIEW ON SURFACE ACOUSTIC WAVE

1.1.2 Unidimensional Piezoelectric Equations

When a body is placed in an electrical field E a displacement
of its charged microscopic components from their equilibrium
position takes place. As a consequence an additional electrical
tield appears due to the local polarization P of the material. This
tield is equal to the one produced by a local charge density

p=—-V_-P. (1.9)

So we take into account this contribution defining the displace-
ment field:
D = eE. (1.10)

For semplicity let’s consider a ferroelectric crystal, like in the
picture. Suppose that the elementary charge is q, that the elemen-
tary cell width is 1 and that the elementary cell length is a; + ay,
where a; is the distance between anion and cation (see the figure
on this page). The density of dipole moment is

P _ qla—ai)

P==-= .
V. 1¥(a;+aj)

(1.11)

If the material is strained the displacement of atoms Aa; = ajs
and Aa; = ays produces a change of

AP = Ps = es, (1.12)

where e is called piezoelectric constant. Therefore the displace-
ment field becomes:

D = eE+ AP = €E +es. (1.13)

The stresses on the region of length a; and a, are respectively:

E
=1 and o0, = VA (1.14)

01 ],_2
therefore the average stress due to electric field can be calculated
using the proportion of the fraction of total elementary cell on

which these stresses are applied:

o aj g ay a1071+aoy
‘I ‘I pu— pu—
ar +ap a;+ap ar +a

OF ek; (1.15)

tinally using the elastic equation to total stress, i.e. the sum of
externally applied stress and the electric stress o + o = cs:

o+ogp=cs = o=cs—ek. (1.16)

© 60 _0

® ® ®
5 °8 °6 el
Faa
o8 3 Je
o % % °
5 °6 °6 °l&
© °0 ®°0 °
Effect of electric field

and displacement on
a ferroelectric
material.

Considering
a;l-~10""m,
a;~2-107"%m
and1~3-10"1%m,
q~10719C then
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So we have the linear equations for piezoelectricity:

(1.17)

D = ek +es.
o=cs—eFE

Consider now the wave propagation in an infinite piezoelectric
media: because there is no free charge the divergence (that is z
derivative because it is a unidimensional system)

0,D =0, (1.18)

so that D is constant in space or zero. This implies that the
displacement current
i=0¢D (1.19)

must be uniform or null. As we are considering just the piezo-
electric media, without electrode, the current must be zero, and
then D = 0. The piezoelectric equations then become:

es
F=——
€
2 ’ (1.20)
e
o=cC <1 + —) S
ce
therefore we can define an equivalent elastic coefficient:
o2
Ce=C (1 + —) > C. (1.21)
ce

A piezoelectric material is stiffer than an equivalent material
that presents the same elastic coefficients but does not have the
piezoelectric ones. Moreover remembering the wave velocity
equation (1.8), a wave travels faster in a piezoelectric material.
This conclusion can be explained considering that if a material
is piezoelectric, when it is stretched it creates an electric filed;
therefore the energy needed to deform such a material is the sum
of the elastic energy stored in the deformed atoms bond, and the
electric energy stored in the filed. If a non-piezoelectric material
with the same elastic constant of a piezoelectric one exists, the
amount of energy to stretch it is smaller, because it requires only
the elastic energy.

1.1.3 Interdigital Transducer and Bragg Mirror

A Rayleigh wave can be exited on a piezoelectric substrate by
using a particular shape of electrode: the interdigital transducer
(IDT). This type of electrode is composed by a series of thin
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Figure 1.: General shapes of IDT.

metallic stripes, usually called fingers, connected alternatively to
ground and to an oscillating signal, as shown in figure 1.

The stripes have a width w and are separated by the same
distance, forming n, pairs. The active part of this electrode is
the region where the fingers superpose, whose length is 1,,: in
this region the stripes form a “series of capacitor” that creates
an electric field that deforms the piezoelectric substrate. This
deformation has a periodicity equal to A = 4w. If an oscillating
signal is applied, such that its frequency f matches the periodicity
in order to satisfy the wave relation Af = v, then a surface wave is
generated.

In order to understand the amplitude of these waves, we can
follow this simple capacitor model. Each finger is distant w and
the maximum applied voltage is V. The electric field between
the fingers is E ~ ¥. As the surface is free there is no stress, and
therefore the strain is:

cs—eE=0=s= SE. (1.22)
Since the penetration length is ~ A, the strain is applied for the
same amount of distance, therefore the wave amplitude is

eV e
A~ 4W5v_v = 4EV. (1.23)
This is the amplitude caused by a single pairs; in the IDT there
is a constructive effect: a peak created by a pair travels to the
next pair that enhances its amplitude, and then to another pair
again, and again for n, times. Of course the effect is not linear
(double ny, does not double the final amplitude). In our devices
this effect saturates at n, ~ 100 (see section 3.1.2 and figure 17 in
particular).

A Rayleigh wave can be reflected by a metallic stripe placed
on the surface of the piezoelectric material. When a piezoelectric
material is coated with metal but the electric field E = 0 in all di-

I = I = A

I == B = 1

Working principle of
IDT.

Considering
distance between
fingers ~ Tum and
voltage ~ 1V, the
electric field is
E~10°Y. This
give strain of
~107% and
amplitude of
~0.Tnm.
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rection but the z one. The piezoelectric relation for stress becomes

oco=cs—eE = o=cs, (1.24)

that is the same for elastic materials. Therefore a metalized
piezoelectric is less stiff than the free one. As a consequence the
wave propagates with a smaller velocity v, under a metallic layer.
Since a traveling wave meets a discontinuity, a fraction of it is
reflected. It is possible to give an idea of the order of magnitude
of reflection considering the electromechanical coupling K:

Kz_Av_v—vm_]_vm

2 v v v

(1.25)

Using the equation (1.8) with the elastic constant ¢ for the metal-
ized piezoelectric, and the equivalent elastic constant c, for the

free one, the ratio
1
Ym _ > (1.26)
e
v 1+2

Because é < 1 it is possible to approximate

1 1
1 : e?\ 2 1¢é?

k2= (1.28)

Except for few material, K2 is always small , therefore a single
metallic stripe reflects a tiny amount of the incident wave. In
order to have a reflective electrode, it is possible to make a Bragg
mirror stacking a considerable number of stripes in series, so
that the waves reflected interfere constructively, and the reflection
raises up to near the total incident wave. Considering a mirror

i

Figure 2.: General shapes of Bragg mirror.
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like in figure 2, all length 1, of stripe reflects the wave, so that
it is usually larger than the incident wave, in order to reduce
diffraction effect. The number of gratings ng is usually from
100 to 1000., i.e. 1 order of magnitude more than the IDT pairs.
Keeping in mind that each stripe is micrometric, it is evident that
a mirror is a “macroscopic” device with microscopic features.

1.1.4 Filters and Resonators

The wave excited by an IDT can be detected by another IDT: the
deformations carry an electric field, whose signal is read by each
stripes (see figure 3). The mechanical signal travels at sound
speed, that is 5 order of magnitude smaller then the light one. For
this reason 2 IDT placed one after the other are called delay line:
an electromagnetic signal sent through a transmission line, slows
down when it is converted in mechanical waves, and when it is
changed back, it has a temporal delay proportional at the distance
between the IDT.

Figure 3.: Impulse wave emitted by an IDT in opposite directions.

The wavelength A is fixed by finger width w, and because the
wave velocity v is fixed by the substrate, the delay line works
only at the frequency fy = }. For this reason the delay lines are
also called filters: when an electromagnetic signal is sent, only a
specific frequency pass through.

fo is the most efficient frequency at which the IDT works. But
there is a range of frequency where a signal is still transmitted:
all these frequencies form the bandwidth of the filter.

Taking in mind the aim of this section, we only provide a sim-
plified explanation of the correlation between number of pairs n,
and the bandwidth. When a RF signal is applied to the electrodes
it charges the fingers. The oscillations are located on the fingers,
while the SAWs nodes must be within the electrodes. At the
resonance frequency, the nodes are exactly placed in the center
among the fingers. The bandwidth can be calculated by consid-
ering an additional shift of AA at each node. In order to respect

For our devices
w =~ 2um and
v & 30007,
therefore

fo ~ 400MHz.

Bandwidth of an
IDT.
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the condition of nodes between the finger, the maximum value of

this shift is
A

AN = — .
o (1.29)
Differentiating the wave relation f = 3:
v AN

N2 AN = fOT' (1.30)

|Af] =
therefore the bandwidth is approximately

fo
Mp

Af = (1.31)

The IDT produces two waves, traveling in opposite directions,
so that half of the signal is lost. Moreover the receiver has a limited
efficiency, and another fraction of the energy passes through it. As
a consequence the read signal is always smaller then the emitted
one.

The waves excited by an IDT can be reflected by a Bragg mirror.
If two mirrors are placed in series and an IDT in between of
them, the waves bounce from a mirror to the other. If the distance
between mirrors is chosen to give constructive interference at each
reflection, the signal enhances every reflection giving a resonance.
This kind of device are therefore called resonator. Resonators are
characterized by the Q factor:

energy lost per cycle
total energy stored

Q= (1.32)
Roughly speaking this value gives how many oscillation a system
can do before loosing all its energy; if a cycle lasts At and the
system needs AT to relax, then:

At
Q= AT (1.33)

The same reasoning can be used in the frequency space: if a cycle
lasts At then its frequency if fy = ﬁ, and if a system needs AT to
relax it has a bandwidth in frequency of Af = 3=, then

_fo
Q=1+ (1.34)

As for the IDT, also a mirror has a bandwidth: the phenomenon
is the same discussed for IDT, but in contrast the number n is so
high that a mirror bandwidth is very narrow.



1.2 ELASTICITY

1.2 ELASTICITY

Following [2] and [1] we introduce the basic elements in the theory
of elasticity: the strain tensor and the stress tensor, their relation
through the elastic tensor, and their most significant relations
with waves propagation in crystals.

1.2.1  Strain Tensor

The theory of elasticity treats solids bodies as continuous media.
At equilibrium, each point of a body is identified by a vector r
(with components x;) and when a force is applied its position
changes in r’ (with components x;). We define u, the displace-
ment vector, as

Wi =X{ = X;. (1.35)

Consider the distance between two points very close together:

after the deformation the initial distance dl = dxi2 becomes

dl’ = /dx{?. Using the relation

dx{ = dx; + du; = dx; + djuidx;, (1.36)
the distance after the deformation can be written as
dl? = (dx; + djuidx;)?
(1.37)

= dlz + ZajLL'LdXidX]' + ajuiakuidxj dxy.

If the deformation is small if compared to the body dimensions,
this means that

oy < 1, (1.38)

so that the last term in the previous formula can be neglected.
Moreover the indexes i and j in the middle element of the previous
expression are symmetric, SO we can write

Ojuidxidx; = Oju;dx;dx;. (1.39)
Defining the strain tensor:
1
$ij = z (aiuj + ajui) , (1.40)
the distance after deformation becomes
dl? = d1* + 2s;5dx;dx;. (1.41)

The strain tensor is a dimensionless quantity that describe the
relative deformation in each point of a solid body.

Vectors and Tensors
are not just simple
numbers grouped
together in order to
simplify the
notation. All vectors
or all tensors of the
same class respect
the same specific
rules of
transformation.

The strain tensor is
symmetric,

sij = sji therefore
only 6 of its
elements are
independent (3
diagonal and 3 out
of diagonal).



Piezoelectricity is
due to Electric field,
that is long range
interaction. We see
later how to deal
with this kind of
forces.

The condition that
only superficial
forces can produce a
moment on a
portion of the body
implies the stress
tensor is symmetric.
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1.2.2 Stress Tensor

The strain tensor describe the cinematic of deformation; in order
to treat the dynamics we need to describe the forces in an elastic
body. When deformations occur, internal forces, called stresses,
arise to restore the original equilibrium position of the body. By
integrating the force for unit volume f in the whole volume of a
portion of a strained body, we get the amount of force F on that
portion:

F = deV. (1.42)

The internal stresses are due to molecular interactions, and
therefore they are treated as short range interactions. This means
that each force on a portion of a body is applied through its
surface. Therefore the previous expression can be calculated
integrating the contribution of force applied on a surface, for each
direction:

Fi= J 03;dS;, (1.43)

where 03 is called stress tensor, and describe the force for unit
surface, directed in i direction, and applied on a surface with
normal j. It can be shown that this is a symmetric tensor:

0Oij = 0ji (1.44)

Mathematically we can introduce the stress tensor applying the
divergence theorem to expression (1.42):

indv = JajO'ijdV = JO}dej, (1.45)
where we notice that the volume forces can be expressed by stress
tensor:

fi = E)J 0ij. (146)

1.2.3 Elastic Tensor and Hooke Law

Let’s focus our attention now on the work W produced by the
stress when a small deformation du; occurs:

W = inéuidv = J aj 0ij 6uidV. (1.47)
Integrating by part, SW can be written as

W = J Gi]'éuids]' — J 0y ajéuidv. (1.48)

10
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The first integral in the previous expression vanishes when it is
evaluated at the surface of an infinite body (where oy; = 0). The
second integral can be reshuffled by virtue of symmetry of stress
tensor:

1
W = ) J 0jj (aiéu]' + aiéu]') dv

: (1.49)
= —z J O'ijé (6iuj + aiuj) dVv = —Jaijési)-dv.
The elastic potential energy per unit of volume U is a state func-
tion:
B
W = J dU=Ug —Upn; (1.50)
A
this means that a variation of potential energy depends only on
the deformation tensor at the initial and final state. So that

ou
du = adsu (1.51)
Comparing this with the equation (1.49) we see that
ou
35 = 0jj. (1.52)

Expanding the potential energy in Taylor series near the equilib-
rium until the first non-zero term we have

ou 1 22U

u =uf(o - o = .
( )+ asi]' OSU + 2 asi]'askl OSUSH

(1.53)
= zcijklsijskl/
where cyjiq is called elastic tensor. Applying equation (1.52) to
(1.53) we obtain the Hooke’s law
04 = CijkiSkl, (1.54)

that states the linear behavior between deformations and stresses
in a solid body. The elastic tensor has 3* = 81 components, but
by virtue of the symmetry of sj; we can write

Cijkl = Cjikl = Cijlk = Cklij, (1.55)

as consequence there are only 21 independent components. It is
convenient to exploit the symmetry introducing the Voigt nota-
tion for stress tensors:

Oxx Oxy Oxz
Oyx Oyy Oyz | — (Oxx, Oyy, 02z, Oyz, Oxz, Oxy),  (1.56)

g

Uzx Ozy Oz Voigt notation
v .

tensor notation

11

In the expansion 0
stands for si; = 0.



The different
representation for o
and s preserves the

scalar invariance
0j8ij = 0{S4.

The presence of
boundary condition,
i.e. of a surface, is
necessary for the
SAW solutions of
motion equations.
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and for strain tensor:
Sxx  Sxy Sxz
Syx Syy Syz — (Sxxs Syys Szz, zsyz/ 25xz, sty )/ (1.57)
Szx Szy Sz Voigt notation
tensor notation

With this notation the Hooke’s law (1.54) becomes
0i = CijSj, (1.58)

where cy; is a 6x6 symmetric matrix called elastic matrix.

1.3 SAW ON ELASTIC MATERIALS

Using the equation (1.46) and the second law of dynamics:
plii(x, t) = 0j0y;. (1.59)
Using the symmetry cijiq = cijlk, the Hooke’s law (1.54) becomes
0ij = Cijk101U, (1.60)
and the equations of motion
pli;(x, t) — cijx1 0501wy = 0. (1.61)

These equations will be solved for an isotropic material, in order
to fix ideas and to underline the physical dynamics.
Following [5], for an isotropic material the elastic constants
become:
Cijkt = 0ijOx1 + B (8ikdj1 + 815k ), (1.62)

where o and 3 are the Lameé constants. Using this expression in
the motion equations

pb%ui = (OC+ B)ala)u] + [36] ajui. (163)

The ansatz of plane waves in the bulk requires no boundary
condition, using

w; = upiexp (i(lwt—k-x)), (1.64)
we find the dispersion relation
pwu; = (a+ B)zkikjuj + Blk[*w, (1.65)

that divided for exp (i(wt —k - x)), and written with vector nota-
tion u, is
pwy = (a+ B) (k- up)k + Blkl*u,. (1.66)

12
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Taking uy perpendicular to k we have the share waves:

ke? = wzg, (1.67)

where k; is the wave number for share waves, and their velocity

is
Vi = \/g (1.68)

Taking uy parallel to k we have the longitudinal waves:

p

k2: 2 ,
el = w2778

(1.69)

where k; is the wave number for longitudinal waves, and their

velocity is
[+ 2
vt = 5 b . (1.70)

Since o and 3 are always positive:

V1 > Vg, (1'71)

the longitudinal waves travel always faster than the shear ones.

Consider now an infinite solid body with a surface parallel to
the plane x1x; and located at x3 = 0. A SAW that travels in the x;
direction with periodicity k. has the formal velocity (because at
this point it is only a formal expression):

w

VR:k—R.

(1.72)

The equations of motion are the same, but now we must add the
boundary condition

0i3(x3 =0) =0, (1.73)

that means that the surface is free. The ansatz combines both
shear and longitudinal waves:

ur = Auy + Buy, (1.74)

where A and B are the constants of the linear combination: these
waves are called the Rayleigh waves.

Since they travel in the x; direction, there are no components
along x; in the wave vectors:

ki = (kg,0,L) and k¢ = (kg,0,T), (1.75)

13

ug can be in any
direction
perpendicular to k.
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X3

Figure 4.: Rayleigh waves propagation direction.

where L and T are constants that will be determined. Using the
expressions derived before

2 2

w w
|kl|2 =— and |kt|2 = V_Z’ (1.76)
t

2
M
we can calculate the value of
2 2 2 2 2 2

w w w w w w
P=>-k=—>-—> ad T'=—5-Ikg=—"5—-
(1.77)

As the wave amplitude must decrease with the negative direction
of x3, both L and T are pure imaginary. From the previous
expressions we can write

vR<viy and vgR <y, (1.78)

i.e. Rayleigh waves are slower than both shear and longitudinal
waves. The displacement vectors are therefore
w = (kg, 0, L) exp (i(wt —krx; — [x3))

ue = (T,0,—kg) exp (i(wt — kgx; — Tx3)) (179)

The total displacement ug must respect the boundary condition;
so that using Hooke’s law we obtain
01uUR3ly,—o + O3URIly,—o =0
azuR3|X3:0 + aguR2|X3:0 =0 , (1.80)
XOiURily, —o + 2B d3UR3ly,—o =0
that applied to
ug) = Akgexp (i(wt —krpx; —Lx3)) + BT exp (i(wt — kpx; — Tx3))
ugy =0 ’

urz = ALexp (i(wt —kgx; — Lx3)) — Bkrexp (i(wt —krx; — Tx3))
(1.81)

14
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gives the linear homogeneous system for A and B:

B (I — T?) — 2AkeL = 0
. (1.82)
2BBkeT — A ((2(5 o)L+ ocsz) —0

The only non trivial solution is the one that makes the determinant
equal to zero:

2 kR
(kZR—Tz)[3< B;“LM OCBR) +4BKELT =0, (1.83)
and using the definition of L2 we can write:
(K& —T3)2 —4KELT = 0. (1.84)
By substituting the expressions for L and T we have
2
2 2 2
VR VR VR
—= | =41 —=4/1—= 1.8
(3) o "

This equation cannot be solved analytically for each value of v;
and vy, but in order to fix the idea, let us suppose that the Lame
constant are equal:

x=0 = v% = 3\)%, (1.86)
therefore the numerical solution of this equation is
vg = 0.9194v;. (1.87)
Putting kg = 1, the quantities:
L=084751 T =0.39331, (1.88)
therefore el |
B = kZR — TzA = 1.4681A (1.89)

and using A = 1 the semi-numerical solutions of displacement at
t=0are

UR1 = (60‘8475"‘3 —0.5774 - 60‘3933"‘3) (cos(x) —isin(x))
upy =0

UR3 = (0.8475 . e08475%3 1 46841 - 60'3933"‘3> (cos(x) —1isin(x))

(1.90)
The plot of these solutions is shown in figure (5).
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Displacement Field Displacement Module
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Figure 5.: Rayleigh waves displacement field for isotropic material.

1.4 PIEZOELECTRICITY

Following [3] and [8] we study the behavior of a solid body in
an electric field: we introduce the permittivity tensor and the
piezoelectric tensor, their relation through the stress tensor, and
their most significant relations with waves propagation in crystals.

Let us consider a piezoelectric body in an electric field E.Its
energy is

1 1
U = Scijasisia — eijebisic — 5 €y kil (1.91)

The constitutive stress-charge form of piezoelectric relations:

ou

3s. — Ot = Cijiasia — exijEx
* , (1.92)

ou
T Di = eijisik + €45
or using the displacement u and the potential ¢:

0ij = Cijk1 01Uk + €xijOx P (1.93)
D; = —eijajcb + eijkakuj

When a Rayleigh wave travels on the surface of a piezoelectric
material, the mechanical perturbation is coupled with an electric
field. Following [7], in principle the motion is described by the
solution of both Newton and Maxwell equations. In practice
the velocity of mechanical waves are 10° times lower than the
electromagnetic ones: this means that we can use the electrostatic
approximation:

aiDi =0 z<0 ( )
. 1.
0;E; =0 z>0 o4
The Newton law is given by (1.46):
Pl = Cijk10j01Uy + €xij050x P. (1.95)

16
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As in the isotropic case the mechanical boundary conditions are
obtained imposing a stress free surface along the z direction,
but the piezoelectric equations introduce an electric boundary
condition of continuity for D:

(1.96)

These equations will be solved numerically with finite element
method.

1.5 REFLECTING GRATINGS

Reflecting gratings can be studied treating each strips as a 2-port
network and summing up the global behavior: this procedure is
called reflective array model (RAM). We will apply this method
to an array of strips an then to resonator cavities.

1.5.1 Reflective Array Model

Following [5], let’s consider an array of stripes of width w and
pitch p. A wave from the left, with amplitude c,,_1, hits the n — th
electrode and continues with amplitude c,, towards the next one.
Another wave from the opposite direction and amplitude b, ar-
rives on the n — th electrode and continues with amplitude b,,_;.
Since the electrodes are all the same, their reflection coefficients
are S11 = 1y exp(—ikp) and Sy, = r;exp(—ikp), and their trans-
mission coefficient S;1 = texp(—ikp), where k is the wavenumber
of the waves that hit the electrode. As we are neglecting any
losses t is real, and using the equation (A.6):

T =T, (1.97)

i.e. 11 and r; are pure imaginary numbers, and because of the
symmetry of the system 1y =1, =r.
The amplitudes of traveling waves can be written as

{ b1 = (rcp_1 + tbn) exp(—ikp) (1.98)

Cn = (Tbn + tcn_1) exp(—ikp)
and expressing the waves on the right as function of waves on the
left

1 . T
bn = Sbn exp(ikp) — Lon-T

1 . (1.99)
Cn = {Cnfl eXP(—ikP) + {bnfl
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Figure 6.: Band solutions for reflective gratings (exaggerated || =
0.2 in order to make the effect visible).

Since the grating is infinite, taking the ansatz of the Bloch waves
Cn =cp_1exp(—iyp) and b, =by_jexp(—iyp), (1.100)

the system reduces to equation

t [exp(iyp) —exp(—iyp)] = [exp(ikp) — exp(—ikp)], (1.101)
that can be written as

cos(yp) = w. (1.102)

The transmission coefficient t ~ 1 but is still smaller than 1. This
implies that most of the incident waves frequencies pass through
the grating without attenuation, and y ~ k. When k goes near %%
the left term in equation (1.102) becomes larger than 1, therefore
Y becomes imaginary, that means an attenuation of the incident
waves. The limits of the stop band are the values of k( that make
Y imaginary

cos(kop)

1
. =1 = ko= —arccos(t) = ]; arcsin (|r]).  (1.103)

Because |r| < 1 we can write

7l
ko ~ —, (1.104)
P
therefore we have the stop band
Ak = 2%'. (1.105)

In order to express the stop band as a function of frequency,
differentiation of f = ¥ = 57 gives
v Ak Ak

= fo— (1.106)

Af = 228 ,
27 k2 %

18
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and substitution of Ak

Af =fy-2—. .
0 (1.107)

If the array has N number of strips, using the cascade equation
for S-parameters (A.16), and keeping in mind that in the stop
band 0 = yp is imaginary:

S11 = S35 = —tan(Nyp)

Grr — Gpr 1 . (1.108)
In the center of the stop band, the equation (1.102) becomes
V_Viw o
173 <e +e > , (1.109)

and considering that |r| < 1 its solution is:
e’ =—t+r = |ypl~l (1.110)

With this approximation, the reflection coefficient for a wave in
the stop band is:

S = —itanh(NJrl). (1.117) This expression of v
It can be shown [5] that r can be expressed as the combination can be seen as the
of an electrical and a mechanical effect: first terms of a
h multi-scale
T=Te+Tm=1c] + iCZX' (1.112)  expansion. The

order of magnitude
where ¢ and c; are constants that depend on the material, and h of constant is

is the thickness of the metal layer. ¢1 ~ 1073 and
c2~1071.
1l
=
Z o8
E N=100
3 I =
500 —N=250
2 0.4 , —N=500
3
02

—0901 0 0.01 0.02 0.08 0.04 0.05

s h
Ratio §

Figure 7.: Module of the reflectivity in function of the ratio between
metal thickness and wavelength for different number of
strips.

In figure 7 it is shown the module of Sy7 in function of the
ratio between metal thickness and wavelength. The reflectivity of

a mirror with few lines can be enlarged using a higher layer of
metal.
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1.5.2 Cavities and Resonators

If two mirrors are placed one in front of the other, a SAW with
the frequency in the stop band is reflected back and forward,
acquiring a phase in every reflections. This face is given by (1.111)
and is equal to ¢y = —}‘71.

If the distance of the gratings is d (measured from the center of
their first strips), when the wave completes a cycle in the cavity, it

has a phase of
2d

Ad =2dg + 5 2T, (1.113)
where the second term is the phase due to the traveling for two
cavity lengths.

If this phase is an integer multiple of 27t the wave is in phase,
and there is a constructive interference:

Ab=2nnt = d= (n+ %) %; (1.114)

in this case the cavity is called resonant cavity.

The mirror works as a distributed Bragg reflector, i.e. the
wave is not completely reflected in the cavity, but it presents a
penetration length L, in the grating. It can be shown [5] that

A
L, = A (1.115)
and therefore we can define the total cavity length L.:
L. =d+L.. (1.116)

In a resonant cavity the possible modes that can be confined
depend on the dimension of the cavity itself. The central mode
of the cavity is located at the center of the stop band

T 27’[f0

2
k():— = fOZ—p,

- " . (1.117)

and it is always present. When the center mode SAWs are con-
fined in a cavity of length L., there are
_ L1 1 1

=sn+35)+

ny,, = N 2 PRt (1.118)

In order to find the next resonant mode we have to look for the
frequency that confines in the same cavity length L. a number of

n,, + 1 stationary waves:

f1 =fo+ fo—. (1.119)
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If the frequency of this mode is in the stop band of the grating,
this is a resonant mode of the cavity, and therefore we have a
multi-mode cavity. Otherwise, the waves with this frequency are
not reflected, and the cavity presents only the single central mode.

In order to excite these cavities we can insert and IDT in the
space between the mirror, as displayed in figure 22. The distance
between the mirror continues to respect the relation (1.114) and
the IDT is placed symmetrically in the center. These devices are
called resonators: their fabrication and characterization in the
main task of this thesis.
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EXPERIMENTAL SETUP

The main phases of the experiment are:

the design of the device layout/mask using a CAD;

the fabrication of the devices by optical lithography;

the bonding of the devices to a PCB;

the characterization of the devices.

The whole steps usually took 1-2 weeks. In this work we made 4
masks in which we tested filters and resonator on GaAs.

2.1 DEVICES DESIGN

Devices are designed considering both the fabrication process and
the working features. The hierarchical layout editor CleWin gives
a graphical interface with basilar shapes and layer instruments.
The result is a mask that reproduces the metallic layer in the
tinal device (compare figure 8 and 10). The mask is loaded
in the computer that controls the laser writer, and converted
in instructions that turn on and off the laser in a point of the
substrate.
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Figure 8.: Mask designed with CleWin and realized in figure1o.
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2.2 FABRICATION

All fabrication steps took place in the clean room (class ISOy
- 10000) of the joint laboratories among UniSalento and CNR-
Nanotec.

2.2.1  Photolithography

GaAs wafer
The process of fabrication for SAW devices is simple, because can

be limited at one step of lithography, but can be tricky due to the
- feature of the devices.

The substrate is a GaAs wafer of 5cm of diameter and 350um of
thickness. Due to its dimensions it is very fragile, and an excessive
Spin coating ~ pressure from the tweezers could break it. Moreover the steel is
harder than the GaAs, therefore a considerable care is necessary
in handling the wafer, trying to not scratch the surface, picking
- the wafer only at the edge. The crystallographic direction [110] is
marked by a long cut on the wafer edge; a smaller cut is present

on the perpendicular direction [—110].

The fabrication on GaAs wafer is composed by the following
steps:

9 * GaAs Wafer Preparation: the wafer was placed in a 70°C

acetone bath for 3 minutes and then washed with iso-

propanol, dried with a nitrogen gun and placed on a spin-
Development ner.

* Spin coating: few droplets of primer solution (hexamethyl-

9 disilazane, HMDS) was placed on the wafer surface; the
spinner worked at 300 rpm for 5 seconds and at 4000 rpm

for 40s. The positive photoresist S1805 was dropped on

Deposition the wafer until the surface was completely covered, then it

was spinned at 300 rpm for 5s and 4000 rpm for 4o0s. This

E Y produced a thin layer of resist of 600 nm on the wafer center.

—— Then a backing at 110°C for 2 minutes was carried out.

Exposure

* Exposure: the wafer was placed on the moving plate of
Lift off laser writer machine. A CAD layout previously loaded on
the system was written by a laser with 4oonm wavelength.

@ The procedure takes some hours because it is sequential.

¢ Development: the exposed resist became soluble within the
development solution (tetramethylammonium hydroxide,
TMAOH). Depending on the feature of the lithography and
the substrate material, this step takes between 45s and 2 min-
utes (larger parts are more soluble, and different substrates
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I

r B

Figure 9.: Litography steps on GaAs checked by optical microscope,
development on the left and lift off on the right.

have a different behavior). The design is checked under an
optical microscope in order to verify that the features are
well defined. If the number of defects is high, the wafer is
placed in acetone that removes the resist, and the process
can be repeated from the beginning.

* Deposition: the wafer was placed in a metal evaporator
where a thin layer (50 or 100 nm depending on the mask) of
aluminum was deposited on the wafer surface.

* Lift Off: the wafer was placed in a 70°C acetone bath for
5 minutes, and if necessary ultrasounds were applied. The
resist is soluble in acetone and the metal on it was removed
in this step. The wafer was inspected under the optical
microscope in order to check for small part of resist that
remains on the wafer.

In figure g the results of a photolithography process is shown,
in particular the fabrication of SAW resonators on GaAs. Each
finger is 2um wide and 1000um long. In figure 10 the wafer is
shown with all devices on it. Notice the edge effect that causes
the loss of the outer devices.

The lithography process on GaN heterostructure on Sapphire
has the same steps, but there are some differences in the used
parameters. We noted that the resist presents a lower adhesion
on GaN; on the other hand the metal adhesion is better than the
one on GaAs, and more ultrasounds were necessary to clean the
samples.

2.2.2  Wafer Dicing

The photolithography process produces a wafer with a large
number of devices on it. To measure each devices it is necessary
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to separate them in small pieces that fit in the PCB housing (about

5x5 mm?).

Figure 10.: Dicing process of GaAs wafer, after the lift off.

Since the GaAs is less hard than the steal, it is sufficient to incise
with a scalpel the substrate along a crystallographic direction.
The scalpel produces less debris with respect to a spearhead.
After the incision, a little pressure with the tweezers on the surface
is enough to cut the wafer.

2.2.3 Fabrication Issues

The particular geometry of our SAW devices requires strong
attention to each step of the fabrication. The main problems
are of two kinds: the aspect ratio and repetition. Each finger is
about 1000 times longer than wide; in a usual device there are
about 1000 repetitions of these fingers. This means that the device
usually has a large extension compared with its smaller features.
Therefore it is clear that the resist must have a uniform height.

When the wafer spins, the resist on its top is affected by defects.
The edge itself is a defect so that the resist does not have the same
height there: this effect is enhanced if the edge is sharp. Due
to interference it is possible to see where the resist has different
thickness, because different colors are visible on the wafer. At
the end of the fabrication process the edge effect on the resist
appears as an edge on the devices (see figure 10).

Another issue is due to the resist adhesion on the substrate.
Since some device features, like the mirrors in the resonators,
leave long thin resist strips of resist, if the sample is not perfectly
clean, or its surface presents some defects, the resist can just fall
off during the development.

2.3 BONDING

After the fabrication, we end up with a series of 5x5 mm? pieces of
GaAs substrate, with SAW devices on them. In figure 11 a printed
circuit board (PCB) is shown for radio frequency application; it is
composed of a dielectric base with three electrodes per each side.
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Two SMA (SubMiniature version A) connectors are soldered to
the PCB. An insulator stripe of adhesive material is placed on the
center of the PCB, and the sample is placed on it.

Figure 11.: Single devices mounted on the PCB and bonded.

The sample is electrically connected to the PCB with @25um
aluminum wires soldered with ultrasounds. If the bond pad on
the sample is large enough a good practice is to bond more than
one wire per electrode; in fact sometimes the wire is actually just
resting on the sample metal layer. The bonder machine consists
of a holed tip, in which the wire goes, and the clips that handle
the wire. The ultrasonic vibration of the tip, that squeezes the
wire against the bond pad, bonds the wire.

The machine setting consists of three parameters: the force that
the tip produces on the substrate, the time of the application of
the ultrasounds, and the power, i.e. the amplitude of oscillation of
the tip. The metal, the metal thickness, the substrate, all influence
the bonding, and the correct parameters need to be searched every
time these conditions change.

2.4 INTRUMENTS SETTING
2.4.1  Spectrum Measurements

In figure 12 the experimental set up for the spectrum measure-
ments of SAW devices is displayed. The USB port of a laptop is
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EXPERIMENTAL SETUP

connected to the serial port of a signal generator (Agilent MXG
N5183A) and a spectrum analyzer (Agilent MXA Nogo10). An
high frequency coaxial cable connects the signal generator to
a SMA connector on a PCB side. The other side is connected
through another coaxial cable to the spectrum analyzer.

"\ SG ?@ﬁ_ I SA

Figure 12.: The software LABVIEW installed on a laptop controls the
signal generator (SG) and the spectrum analyzer (SA).

The instrument settings are controlled by a LABVIEW program
written by prof. Maruccio. In the dialog window of the program
the frequency range and the number of points are set; the am-
plitude of signal is manually chosen on signal generator. The
program spans setted frequency range collecting the amplitude
of the signal that arrives to the spectrum analyzer.

In the reflection measurements a directional coupler (Mini-
circuits ZEDC-15-2B) is placed in the position of the sample as
shown in figure 12, between the signal generator and the spec-
trum analyzer, and the sample is connected to the input of the
directional coupler.

2.4.2 Time Resolved Measurements

The time resolved data are collected using the set up shown in
figure 13. A pulser (Agilent 81 11 0A) is connected using a coaxial
cable to the trigger of the signal generator. Another coaxial cable
connects the generator to the PCB where is the sample, and an
oscilloscope (Agilent DSO-X 3052A) is placed at the other side of
the PCB.

The pulse setting are manually chosen on the pulser control
panel: the parameters are pulse amplitude (always set at 1 Volt be-
cause is used just to trigger the signal generator), pulse width,i.e.
the time extension of the pulse, and the pulse period, i.e. time
with which the pulse are repeated. The generator is manually set,
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choosing the signal amplitude and frequency. The measures are
loaded from the oscilloscope on a USB storage drive.

JLIY P

WSG ? H:’(l ‘ E ----- E -- I : f\V/\V/\ O

Figure 13.: A pulser (P) triggers the signal emitted by the signal
generator (SG) and an oscilloscope (O) reads the mea-
sures.

As mentioned before, the set up for the reflection measurements
is the same, except for the use of a directional coupler.
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MEASUREMENTS AND RESULTS

3.1 SAW FILTERS

In this section the measurements on SAW filters are shown and
different filters geometry features is tested.

3.1.1 Filter Spectrum

A typical spectrum of a SAW filter is shown in figure 14: the reso-
nance of the device is clearly visible in a very narrow frequency
range, and the peak of the signal is about 2 order of magnitude
larger than the background. The background trend is due to the
electromagnetic signal since an IDT works as an antenna as well
as an electromechanical transducer.

SAW Filter Spectrum SAW Filter Spectrum
5.0 200
— 100 [
Wl R -
é -15.0 S 250 M"
3 3 -30.0 T
5 200 — : i
2 250 2 -35.0
% -30.0 // \.\A'\ % -40.0 M ‘(\
E w0 / £ 450 ""/VW“’\/\W U \' uﬂ/w/\/\/‘wv
S -40.0 2]
F 450 | g -500
00 L F 850
"0E0 500E6 1E9 2E9 2E9 2E9 3E9 4E9 4E9 330 340 350 360 370 380 390
Frequency (Hz) Frequency (MHz)

Figure 14.: Spectrum of a SAW filter with IDT of 40 pairs of 2 pym
on GaAS with an input of 10 dBm.

In the plot of the zoom of the resonance we see the central peak
with a bandwidth of about 15 MHz, in accordance with (1.31).
The ground offset is around —42 dBm, which is higher than the
electromagnetic noise that for this instrument is —70 dBm: this is
due to the electromagnetic transmission between the two IDT, as
we will see in figure 19 that shows the same device of figure 14
measured in time domain.

3.1.2 Filter on GaAs

The first mask designed contained the devices presented in table
1. These devices have been realized in order to investigate which
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Respectively single

and double geometry
for SAW filters.

MEASUREMENTS AND RESULTS

ny ‘ d (um) ‘ Geometry

40 102 single
40 | 1502 single
40 | 1502 double
80 502 single
8o 502 double
120 | 102 single
120 | 502 single
120 | 502 double

Table 1.: Devices of the filters comparative mask on GaAs. The
metal layer is 50nm of Aluminum.

are the best features for SAW filters; although in principle the
theory of SAW devices is well developed, this preliminary study
is useful in order to understand the optimal characteristics to use
in the following design of resonators and probe the increasing
difficulties in fabrication when increasing the number of fingers.

Figure 15 shows the comparison between different geometries
(single and double) changing the number of pairs. Independently
on the geometry, the bandwidth is proportional to n]—p, going from
about 15MHz for devices with 40 IDT pairs, to about 10 MHz for
filter with 8o IDT pairs, till about 5 MHz for IDT composed by
120 pairs, as expected from equation (1.31).

Another geometry-independent feature is the increasing of the
transmission coefficient Sq, at the resonance frequency, with the
number of pairs. For the device with 40 pairs S1; ~ —32dB for
both simple and double geometry, for n,, = 80 the transmission
coefficient Sj; ~ —23dB, and finally for IDT with 120 pairs we
measured S1; ~ —20dB. This means that the transmitted power
increases about one order of magnitude going from 40 to 8o pairs,
but only doubles going from 8o to 120 pairs.

An important remark regards the ground of signals for the
different geometry: the electromagnetic noise is always higher
for the double geometry, regardless of the distance of IDT or
the number of pairs. For this reason in the following masks we
decided to use only the single geometry.

In figure 16 two couples of identical devices except for the IDT
distance are compared. As noticed from the previous comparison
the filter bandwidth is independent on IDT distance.
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Figure 15.: Comparison of filter with different geometry (input of
10 dBm).

As expected, the peak of transmitted signal is slightly higher
when the emitter and the receiver are closer: this can be related to
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different sources of energy losses. They can have both electrical
and mechanical nature. The former are related to free charges
present in the substrate (in principle this effect can be reduced
cooling down the sample), the latter effect depends on two dif-
ferent causes: an intrinsic material loss, due to a viscosity in the
shear movements, that is a second order process in the equations
of motion, but can become relevant for long distances, and an
external loss due to the dust deposited on the free surface, and
the air above the filter.

Finally, the electromagnetic noise is lower when the IDT are
placed farther away. This effect is evident if we consider that the
electromagnetic wavelength is around 1m (in vacuum): the IDTs
work as antennas in the near field, and the transmitted power
decrease exponentially with the distance.

40 pairs, geometry single
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Figure 16.: Comparison of filter with different distance between
emitter and receiver (input of 10 dBm).
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Figure 17 compares similar devices with different number of
pairs. As we already observed, almost always the higher of
number of finger pairs the stronger the transmitted signal.
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Figure 17.: Comparison of filter with different number of pairs in
the IDT (input of 10 dBm).
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3.1.3 Impulse Measurements

An IDT launches the mechanical wave as soon as an oscillating
potential is applied to the electrodes at the resonance frequency
. If this potential is placed for a short amount of time, and the
two transducers are far enough, an impulse of SAW can travel in
the space between the two IDT, as shown in figure 3. Using an
oscilloscope connected to the receiver IDT, it is possible to detect
and distinguish the mechanical and the electromagnetic impulses
thanks to their different propagation velocity. The raw data from
the oscilloscope is presented in figure 18.

The device used in this picture has IDT composed by 40 pairs
of fingers, and the distance between the two IDT is d = 1500pum.
A pulse signal of 200ns modulated by an harmonic signal of fre-
quency 360MHz actives the first IDT, generating a mechanical
and an electromagnetic pulses composed by 72 oscillations. The
electromagnetic signal travels at the speed of light in the air, there-
fore it takes about 5 - 10~ns to reach the receiver: this impulse
is visible in the extreme right of figure 18. The SAW signal has
instead a velocity of 28607 along the [110] GaAs direction, there-
fore it takes about 600ns to cover the distance d. Its shape is due
to the constructive effect: the deformation produced by the first
pair of fingers travels to the next pair and, if the frequency is the
right one (resonance condition), it arrives there in phase with the
new electrical signal which then enhances this deformation. The
maximum deformation is reached when summing a constructive
contribution from all the n,, pairs in the array (40 in this case),
which corresponds to the central part of wavepacket. Otherwise,
at the beginning of the pulse generation, the waves originated by
the IDT pair closest to the receiver do not undergo to this process
(or undergo it to a smaller extent). Similarly, when the pulsed
signal is turned off, the waves starting from the fingers farthest
from the receiver will travel in a inactive IDT without receiving
any amplification. The pulse is therefore composed by waves
with a crescent amplitude until a maximum is reached after a
n, number of oscillations, and then by waves with decreasing
amplitude after the pulse is switched off.

Finally the receiver IDT has a tiny reflection coefficient; the
same is true for the emitter one. This implies that the wave pulse
is partially reflected by the IDT, back to the emitter, and then
reflected again to the receiver: this phenomenon is called triple
transit, and is visible as the third peak in figure 18.

Since we are interested in the amplitude of the signal, the
envelope of the raw data was calculated using the module of
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the analytical signal: calling H(xn) the Hilbert transform of the
series of data x,,, the analytical signal is defined as

Yn = Xn +iH(xn). (3-1)

Moreover in order to make the triple transit more evident, the
envelope data have been converted in a logarithmic scale, and the

resulting data have been smoothed using a moving average, i.e.

each point has been substituted with the average of its 30 nearest
points.
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Figure 18.: Data processing for 200 ns impulse measurements of
SAW filter with IDT of 40 pairs distant 1500um.
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Time Resolution of 1 Volt 200ns Pulse Signal
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Figure 19.: 1Volt 200 ns impulse excitation ofSAW filter with IDT
of 40 pairs distant 1500um. The triple transit is visible
only for resonance frequency.

Repeating the whole procedure for different frequencies, it is
possible to collect all data in a single plot, as shown in figure 19.
All these operations have been automatized in a matlab script
reported in the appendix B. It is clear how the electromagnetic
signal is transmitted equally for each frequency; around 300MHz
the electromagnetic wavelength is A ~ 1m, therefore any type of
constructive effect is impossible. On the other hand, the mechani-
cal signal is transmitted only for microwave frequencies within
the IDT bandwidth, already explained in figure 14. The triple
transit is visible just for a further smaller range of frequencies.
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Figure 20.: 1Volt 200 ns impulse excitation ofSAW filter with IDT
of 120 pairs distant 50oum.

In figure 20 a filter is shown with IDT composed by 120 pairs
of fingers, and with distance between emitter and receiver of
d = 500pm. The only difference with device used in figure
19 is the number of finger pairs and the IDTs distance. As we
can see the temporal extension of principal SAW signal, and
the triple transit is much larger than the previous one: this is
due to the physical dimension of the device. The emitter IDT is
120 - 8um = 960pum, and the total pulse is therefore 1500um, or
in temporal dimension is 600ns.

It is evident that the filter bandwidth is smaller than in figure
19 in agreement with the equation 1.31.

As expected, the triple transit signal is higher then the filter
with 4o fingers, because the reflection is performed by 240 finger
instead of 8o.
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3.2 RESONATORS
3.2.1 Resonators Spectrum

The spectrum of a SAW resonator is shown in figure 21: a really
narrow deep of about -10dB is visible over the reflected signal. Its
bandwidth is about 200kHz, and the slight asymmetry is due to
fabrications defects.
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Figure 21.: Spectrum of resonator with ng = 500, n, = 40 on
GaAs. Input signal of 10 dBm.

This kind of devices has only one port, and the reflected signal
is measured with a directional coupler.

3.2.2 Resonators on GaAs

The design dimensions of a resonator are displayed in figure 22:
d is the distance between the mirrors taken from the center of the
tist strip, 1 is the dimension of the active region that emits the
SAW, g is the gap between the wave front and the end of mirror,
Ny, is the number of pairs in the emitter and ng is the number of
electrodes in each gratings.

Pairs Number Mirror Distance

Grating

Figure 22.: Distances used in the design of the resonators.

The first mask for resonator contained the devices in table 2.
Because the reflectivity increases with the ratio between metal
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thickness and wavelength, initially we decided to make devices
with finger width w = Tum and thicknes 50nm (made out of
alluminum).

ng | dA) [np [T | g @)
100 | 5.25 | 2 | 125 | 2.5

100 | 5.25 | 4 | 125 | 2.5
100 | 15.25 | 4 | 125 | 2.5
100 | 55.25 | 4 | 125 | 2.5
250 | 5.25 | 4 | 125 | 2.5

250 | 15.25 | 4 | 125 | 2.5

Table 2.: Devices of resonator comparative mask on GaAs. The
metal layer is 50nm of Aluminum.
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Figure 23.: Comparison between different ng for resonators on
GaAs with emitter IDT of 4 pairs, cavity 1 of 5.25\
and 15.25\.Input signal 10dBm.
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Figure 23 displays the comparison between similar devices with
different number of strips ng in the mirror. Independently of the
cavity dimension | and of the grating number ng, the signal is
tiny, hardly visible for the devices with ng = 100 (red curve). This
is due to the low number of IDT pairs, 4 for these resonators, that
are not able collect enough current.

The amplitude of the signal makes difficult an accurate estima-
tion of the Q-factor
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Figure 24.: Comparison between different mirror distance for res-
onators on GaAs with emitter IDT of 4 pairs, mirror
grating of 100 and 250. Input signal 10dBm.

Figure 24 shows the comparison between two different cavity
lengths. As said before, the data for the resonator with the mirrors
composed by 100 lines is just above the noise level. Regarding the
other two resonators, it seems that the smaller the cavity, the higer
the signal comimng from the device (but we have to consider that
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the mirrors of the resonator with d = 15.25A were not very clean,
with some residues from the lift off on them).
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Figure 25.: Comparison between different number of pairs in the
IDT for resonators on GaAs with mirror grating of 250
and a cavity of 5.25\. Input signal 10dBm.

In order to make the lift-off easier with the second mask, we
decided to use w2um and the thickness of metal layer h = 60nm.
The list of devices is presented in table 3.

ng |dA) [np | LA) [ g™

250 | 41.25 | 40 | 31.25 | 1.25
500 | 21.25 | 20 | 31.25 | 1.25

500 | 41.25 | 40 | 31.25 | 1.25

Table 3.: Resonators comparative mask on GaAs. The metal layer
is 60nm of Aluminum.

ng | d) [np [T | g
500 | 41.25 | 40 | 100 8
500 | 101.25 | 40 | 100 8
500 | 301.25 | 40 | 100 8

Table 4.: Resonators comparative mask on GaAs. The metal layer
is 100nm of Aluminum.

The devices became very large, therefore we reduce IDT length
to 33A. Even if this could turn in diffraction problems, this reduc-
tion allows to fabricate a larger number of devices per mask.
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Figure 26 shows a comparison between two resonators with 250
lines and 500 lines respectively. Comparing with figure 23, it is
remarkable how the signal amplitude increases of about 2 order
of magnitude. This comparison makes clear that with 500 lines
grating the reflection coefficient of the mirror is much higher; in
fact the enhancement due to the constructive effect produce a
larger signal. Moreover the bandwidth of the resonator with 250
lines mirror is broader.
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Figure 26.: Comparison between different number of strips in the
mirrors for resonators on GaAs with IDT of 40 pairs.
Input signal 10dBm.
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Figure 27.: Comparison between different number of pairs in the
IDT for resonators on GaAs with mirror of 500 lines
and a cavity of 41.25\. Input signal 10dBm.
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Figure 28.: Comparison between different cavity dimensions for
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mirrors composed by ng = 500 strips Input signal
10dBm.
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In figure 27 two resonators with the same mirrors but with 20
and 4o IDT pairs respectively are compared. As we can see the
bandwidth is almost the same, although the 40 pairs IDT collect
more energy from the cavity (=~ 3dB).

The devices of the last mask are displayed in table 4. Before
designing this mask we know that the best results were obtained
with the emitter composed by 40 pairs, and with mirror composed
by 500 strips. Moreover, the longer the IDT fingers the larger is
the energy collected, therefore we design devices with 1 = TO0A.
Finally in order to maximize the reflectivity of each electrode in
the gratings, we deposited 10onm of aluminum (see section 1.5.1
and figure 7 in particular).
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Figure 29.: Fit of resonators on GaAs with emitter IDT of 40 pairs
and mirrors composed by ng = 500 strips, with cavity
of TO0A and 300A.
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3.2 RESONATORS

The spectrum of the devices is presented in figure 28. The am-
plitude of the signal is very large, and the bandwidth is narrower
than the same devices fabricated before. The fit of the real part of
the reflection coefficient S1; (see the electrical equivalent model in
appendix A) gives for the resonator with the 101.25A wide cavity

Qi=(275+0.01)-10" and Q.= (0.79+0.01)-10% (3.2)
and for the central deep of the resonator with 301.25A cavity

Qi =(5.00+0.03)-10" and Q.= (1.02+0.01)-10%. (3.3)

3.2.3 Impulse Measurements

When the IDT emitter of a resonator is excited with a modulated
pulse, the two mechanical wave packets (one in each directions)
are reflected if their frequency f is within the mirror stop band
Af. Figure 30 presents a study in the time domain of the last
device showed in figure 28.
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Figure 30.: Pulse of 500ns on a resonator with emitter of 40 pairs,
and mirror distant 301.25A.

A 500ns microwave burst at frequency f and amplitude 1 V
is applied to the IDT, and the signal reflected from the same
IDT is read out through the directional coupler by means of the
oscilloscope. The envelope of the signal is converted in dB and
then smoothed. The process is repeated for frequencies ranging
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between 345 — 355 MHz and then all data are merged (see figure
30).

This resonator has an IDT composed by 40 pairs, the mirror
grating of 500 lines, and a cavity of 301.25 A, and as we have seen
it presents three resonances (see figure 28). Because the two pulse
lengths are smaller than the cavity, they do not interfere, and the
whole stop band of the mirror is visible in this figure 30.

It is important to notice that each time the pulses pass through
the IDT, their amplitude decreases. This is due to three factors: the
reflection coefficient of mirror is not exactly 1, therefore a tiny
amount of energy is transmitted, the mechanical and electrical
losses (see section 3.1.2) due to the strain viscosity, usually ne-
glected, becomes important when the pulses travel for long time,
and finally part of the energy is consumed during the process of
measurement.

If the last energy loss is much smaller then the fist two, the
ratio between the time of extinction of the pulses and the time of
one oscillation can give an estimation of the Q factor: considering
that f ~ 357MHz, and that the pulses looses all their energy in
At ~ 20us

Q ~ f-At =7000. (3-4)

In this way we underestimate the quality factor, but its order of
magnitude is compatible with the one measured in (3.3).

Cavity charging and discharging

g
= 041 J
]
c
2
(2]
3
B 0.051 a
2
5]
o

G 1 1 1 1 1 T

0 5 10 15 20 25 30 35 40

Time (us)

Figure 31.: Pulse of 20us that charges the cavity of a resonator with
emitter of 40 pairs, and mirror distant 301.25A.

Instead of numerical estimate the envelope of the signal,it is
possible to use a diode with a discharge time short enough to fol-
low the signal amplitude variation, but large enough to maintain
its charge during the periodic oscillations. Figure 31 shows the
reflected signal pulse of a 20us microwave burst of 1 V amplitude,
applied to the IDT of the same device. From the exponential
decreasing of the reflected signal is clear how the cavity suddenly
starts to charge. After a period of about 20us the cavity is fully ex-
cited, in fact the amplitude of transmitted signal reaches a plateau.
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3.2 RESONATORS

At this point the external source is suppressed, and the cavity
starts to discharge. As for the charging process, this process takes
about 20us.

By changing the microwave frequencies it is possible to realize
the plot displayed in figure 32.
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Figure 32.: Stop Band of 500 lines mirror, underlines by a pulse of
20us that charges the cavity of a resonator with emitter
of 40 pairs, and mirror distant 301.25A.

The mirror stop band is clearly visible, and is about Af ~ 3MHz.
Therefore it is possible to estimate the modulus of the reflection
coefficient for a single line on GaAs at room temperature:

Af
| ~ nz—fo ~ 0.013. (3.5)

With this value it is possible to design multi-modes cavities and
to calculate the number of their modes (see section 1.5.2).

3.2.4 Resonator and Light Excitement
Our devices are fabricated prevalently on GaAs that is a semicon-

ductor, with a direct energy gap of 1.4eV. This means that light
with a wavelength of 820nm can excite an electron from valence to
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conduction band. When a SAW travel on the surface illuminated
by a source with this wavelength, the coupled electric field acts on
the free electrons promoted in the upper band. Because they are
free, they start to move in the semiconductor dissipating energy.

Light interaction
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Figure 33.: Interaction of light and a resonator with emitter of 40
pairs, and mirror distant 301.25A.

Figure 33 shows the different spectrum of a resonator with 3
modes, before the interaction with light, measured in a black
box, then illuminated with a wide spectrum light, and again in
the black box. As we can see, the Q factor of resonator drops
significantly when the light is on. This is because the electrons
dissipate more energy in each cycle than before, when they were
confined in the valence band. For the same reason the signal goes
from very smooth to very rough and irregular.
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4.1 FINITE ELEMENT METHOD

The equations of motion with free surface boundary condition
can be solved analytically only with perturbative methods (see
[7]). Their solutions describe the motion of a Rayleigh wave in a
piezoelectric material.

In order to study the dynamics of the generation of this wave,
we need to consider the piezoelectric substrate with a filter on it.
The presence of an IDT and of an oscillating potential applied to
it, imposes the setting of very structured boundary conditions.
For this reason a numerical study of the system has been carried
out with the finite element method.

Following [6], the finite element method consists in the appli-
cation of the classical variational method to the union of small
domains, called elements and connected to other elements by a
finite number of nodes. This method most important features are:

* Discretization: the whole system is decomposed in the
sum of pieces of finite dimension, the elements; their shape
varies in function of the geometry and the number of spatial
dimensions

¢ Interpolation: the solution is calculated only in the nodes,
but can be reconstruct in the whole domain using different
interpolation functions (called shape functions).

The displacement and the electrical potential in the i-th node
of a single element are respectively u; and ¢;. The correspond-
ing continuous fields can be expressed using the shape function
Nyi(x) and Ng;(x):

u(x) = Nyi(x)-ui and  $(x) = Ngi(x) s (4.1)

These functions, usually polynomial, have different number of
coefficients depending on the problem equations. The values of
the coefficients are fixed imposing that these functions assume
the exact value at each node:

Ni(xi, yi) =1, (4.2)
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FINITE ELEMENT METHOD SIMULATIONS

but since the value in the nodes is unknown, the nodes values
become the new unknowns of the problem.

Using the Voigt notation, the strain and the electric field are
obtained just with the substitution in the definition:

s(x) = Du(x) = DNyi(x) - ui := By (X)u, (4.3)

and

$(x) = =VNgi(X) i == —Byi(X) by, (4.4)
where the functions B; are the derivative of shape functions, and
D is the differential operator

ox 0 0
0 3 O
| o o o
0, 0 0
dy 9 O

In order to find out the equation for the unknowns u; and ¢;
we can use the Hamilton principle

t2
5J (L+W)dt = 0. (4.6)
t

where L is the system Lagrangian and W is the work of external
mechanical and electrical forces. The former can be derived as a
Legiandre transformation of the Hamiltonian expressed in (1.91):

_ T 5 Tt t Tt
L—Jv[zpu—(zscs—Ees—zEeE dv. (4.7)

The ladder is the sum of the works produced mechanically by
volume forces Fy, surface forces Fo and point forces Fp, ad the
works produced electrically by the total charge Q and the surface
charge q. If the displacement is infinitesimal (du):

SW:J (du- Fy) dV+J (bu-Fq)dQ + du- Fp+
\Y% Q

‘ (4.8)
—JQ (56q) dQ — 56Q.

The Hamilton principle is then written

0=— J [pSu'ii — 8s'cs + 8s'eE + 8E'es + SE'€E + du'Fy| dV+
v

+ J (5u'Fq) dQ — J (6dq) dQ+
o} Q

+ 5u'Fp — 6Q
(4.9)

52



4.2 COMSOL SIMULATION

Using the discretization (4.3) and (4.4):

0 =—du} JV (PN;Nyj) dVii; — Sug JV (pByjcByj) dVuy

— duf JV (PByjeBg;) Vi — 5y L (pBg;eByj) dVu;

501 | (oBiyeBy) AV +dut | (NLFY) AV
+ du; JQ (PN Fo) dQ — 6¢§J (N§iq) dQ

1 Q3

+ duiNy Fp — 80{NG; Q
If we define the element mass
M = JV (PN Ny;) 4V,

the element stiffness

Kuu = Jv (pBycBy;) AV,
the piezoelectric coupling

Kup = Jv (PByjeBys) AV,
the element capacitance

KCMD = —JV (prbjeBd)j) dV,

and the external mechanical and electrical forces

£, = J (PNy;Fv) dV + J (PNyFo) dQ + Ny Fp
\% Q;

Q>
the finite element method equations become

Mii; + Kyuu; + Kypdi = £;
Kputti + Ky Pi = gi

4.2 COMSOL SIMULATION

4.2.1  Geometry and Boundary Conditions

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

The system chosen for the simulation is a filter located on a
lithium niobate substrate. The dimension of a single finger is
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w = 2.8um and the number of IDT pairs is n, = 10 for both
emitter and receiver IDT. The receiver IDT is placed at 10A from
the emitter. The total dimension of the substrate is 34\ = 380um
long and 2A = 22pm high.

The IDT are represented only as electrical boundary conditions:
the electrode are therefore perfect conductor without impedance.
This means that the mechanical component of the single strip
reflection coefficient is neglected (see equation (1.112)): this does
not affect the filter simulations, but it can be very important for
the resonators simulation.

The mechanical boundary conditions are:

* Free surface: oj; = 0 for the upper surface y = 22um;

¢ Damped surface: oi; = dotu; for lower surface y = 0, and
0y = —doyu for lateral surface x = Oum and x = 380um.

And the electrical one

® Zero charge: D-fi = 0 for all the surface except the elec-
trodes;

¢ Charge conservation: V - D = p for the volume.

4.2.2  Mesh and Courant Condition

The mesh of SAW simulation is a very critical problem because
of both large spatial domain and small features of device. The
former limits the element dimension because of the memory and
the time needed to obtain a solution, the latter fixes the smallest
dimension of an element.

Moreover the presence of traveling waves imposes that the
algorithm of numerical integration must update the solution faster
than the deformation propagation in the material. Defining the
numerical velocity
= % (4.18)
where Ax is the smallest element dimension and At the integration
time step, we have to impose the Courant condition:

Vn

v
C=—<1,; (4.19)

Vn
where C is the Courant number. Therefore there are two possibil-
ities: to make larger elements, or to choose a smaller time step.
As already said, in our system the maximum dimension of an
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element is fixed by the finger dimension, therefore using C = 0.2

and Ax = ¥ the time step results to be

w 1

At = = —

10v  40f

4.2.3 Simulation Results

(4.20)

An oscillating potential of 10 V is applied to the emitter: the
generated SAWs travel until they reach the second IDT.
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Figure 34.: Time evolution of SAWs launched by 10 pairs IDT at

the resonance frequency of 360 MHz.

The evolution of this system is shown in figure 34:
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=TT
"y

Figure 35.: Comparison between the emitted and the received signal
at resonance frequency of 360 MHz.

* the first plot shows the generation of the SAW after the first
oscillation of the potential; the maximum displacement of
8.6-107°um, displayed in the side color-bar is in accordance
with equation (1.23);

¢ the second plot presents the propagation of the SAWs to-
ward the receiver IDT; in the wave front, underlined in the
picture, is evidently present a transitory: the amplitude
of displacement goes from the initial value of 8.6- 10~ um
to the maximum value of 5.1 - 10~um almost an order of
magnitude larger;

* in the last plot it is displayed the stationary regime reached
after fifty potential oscillations; it is clearly visible that the
SAWs amplitudes are constant through the whole substrate.

These steps in the temporal evolution are found again in the
plot of the electric signal on the receiver IDT in figure 35):

e since the distance between the two IDTs is 120 um the initial
signal from o to 40 ns is zero;

¢ when the wave front reaches the receiver IDT, a transitory is
visible from 40 to 70 ns ; this temporal delay is the time in
which the SAWs goes through the whole 10 IDT pairs of the
emitter, i.e. the time in which the stationary state is reached;

* after 70 ns the signal is stationary at maximum value of 2V.
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4.2 COMSOL SIMULATION

450.0

Figure 36.: Simulated spectrum of filter with 10 IDT pairs (values

Frequency (MHz) ‘ Receiver IDT Voltage (V) ‘ voltage loss % (dB)

in table 5).

250
285
300
315
325
330
335
340
345
350
355
360
365
370
375
385
400
415
450

0.06
0.05
0.07
0.05
0.4
1.0
1.4
2.0
2.3
2.5
3.0
2.0

1.5
0.8
0.5

0.08

0.15

0.09

0.07

-22.2
-23.0
-21.5
-23.0
-14.9
-10.0
-8.5
-7.0
-6.4
-6.0
-4.8
-7.0
-8.2
-11.0
-13.0
-21.7
-18.2
-20.5
-21.5

Table 5.: Signal on receiver IDT at different frequencies, with 10 V
signal on the emitter IDT.

In order to calculate the frequency response of the filter, this
simulation has been repeated for different frequencies and the
results are presented in table 5. These values are plotted in figure
36.
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As expected from 1.31 the bandwidth is about 60 MHz. The
spectrum shape is similar to the expected one (see section 3.1.2).
In order to have more frequency definition, a larger number of
simulations is needed.

Anyway, these results show that this model and simulation
permit to catch the main physics and device response properties
of the SAW filter.

Thus, a tool is now available for the design and optimization of
SAW devices and it can be also applied on different, innovative
materials to extract their unknown electromechanical properties.
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Each measurement in this works has been carried though an elec-
tric cable, and SAW devices are themselves electric components
of the circuit. Therefore it is worth a brief introduction on how
signal transfer works.

A.1 PORT NETWORK MODEL
A.1.1  Scattering Matrix

At electric level a SAW filter is a box with an input and an output
port: despite the physical phenomena that transfer the signal in
the box, the measure concerns only the amplitude and phase of
signals. A signal is an oscillating difference of potential between
two terminals (therefore a 2 port network has 4 terminals) and it
can be expressed by a complex number where its module is the
voltage amplitude and the complex phase is the voltage phase.

Suppose that a signal a; enters in the box from port 1, ad
another signal a; comes in the box from port 2. A complex
fraction Sy; of the signal a; pass through the network and a
complex fraction S;; of signal a; is reflected by the network. So
that a signal b, = S;1a1 + Sx2a; is present at the port 2. In the
same way a signal by = Sj;a; + Sy7a7 can be detected at port
2. Writing this relations in matrix form we obtain the so called
scattering parameters (S-parameters):

b1\ [ S Si2 aj
(bz)_(sﬂ 522)<a2>' (A1)

If the network has no losses (or gains), the energy of incident
signal is equal to the leaving one; this means that

lar? +lazl* = by + by (A.2)

If a; =0 then
ISP +1SlP =1, (A.3)

and if a; =0
Sul* +1SnP =1. (A.4)

Using these last two relations, when a; # 0 and a; # 0

(52185, +S11S12) a1a; + (S12877 +S11Sy) apay; = 0. (A5)
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Setting aja; to be real or imaginary, and subtracting the two
results, we have:
$1187, + 52,512 =0. (A.6)

SAW filters designed in this thesis present a symmetry for port
1 and 2, this means that the matrix is symmetric itself Sy, = Sy1,
therefore the reflection coefficient S77 and Sy, are pure imaginary
number.

Consider a cascade configuration of N elements: it is useful
to have a scattering matrix for the signals at the extremes of
the network, by and ¢y in function of ¢y and by. Therefore
considering the scattering matrix for the n—th element, with the
configuration shown in the picture we have

bn S11 S12 ) ( Cn >
= . A.
( Cn—1 ) ( $21 S22 bn_g (A7)

Solving this system for c, and b, gives

c 1 _ 522 Cr
n — 521 521 n-—

<b ) - S1t g, S11822 (b . ) (A'S)
n S31 12 S71 n—

If every element does not present energy loss and it is symmet-
ric s17 = sy = t and s12 = s271 = 1, therefore

(2)-(F)(8)

If N > 1 the solution can be approximated with Bloch modes
cn=cp_1e ¥ and by, =b,_je9; solving the system:

*I= =

1 T s
Cn = ?Cn71 + {bn71 =e€ 16Cn71
. 1 _ (A.10)
bn = _¥Cn—l + ?bn—l = e_lebn—1
we obtain L

173 (eie + e_i9> = cos(0)

1. . . (A.11)

E = Z <ele — e_le> = sm(e)

Diagonalizing the matrix we obtain the eigenvalue e™¥ with
eigenvector (1, £i). Therefore introducing the matrix of change
of basis, the new signals are:

vo /Ui —i bn /)

(cn +1ibn) )’ (A.12)

SIEESTE

60



A.1 PORT NETWORK MODEL

and the equation (A.g9) becomes

uN eiNe 0 U
(2)-(32)(2) o

Coming back to the original basis we have

en ) %(eﬂ\.le_*_efﬂ\.le) —L (.eiNG_e.—iNe) co
bn _% (elNG _ e—lNG) % (elNG + e—lNB) bo :

Finally rewriting it in terms of global scattering matrix
Co Sut Sz ) ( bo )
= , A
( bn ) ( Su S» CN (A-15)

]
11 =Sy = —
M7°2 7 cos(NO) (A.16)

S12 = Sy1 = —tan(N9)

we have

A.1.2 Instruments Measurement

When devices are measured, the signal is applied only at one
port, i.e. a; = 0. Using the previous equations we can define the
transmitted signal b, = S;7a7 and in the same way the reflected
signal is by = Sy1a;. With these conditions it is possible to
consider the S-parameters as ratios:

S b;  reflected signal _ by transmitted signal
"4 7 input signal ’ 27 a7~ input signal

(A.17)
We are supposing that the S-parameters are just complex num-
bers, i.e. they does not depend on the signal i.e the network is
linear. This is not always true, but for the power used in our mea-
surements the linearity holds. The IDT produces a deformation
that travels on the surface: if the electric field is not too high this
deformation is linear with the field. Figure 37 shows the response
of the filter with different signal powers: unless the lower line,
which is at at instrument noise level (-70 dBm), the data are all
shifted by 10 dBm. In this hypothesis there is no need to specify
the amplitude of incoming signal, because just the coefficients
S11 and Sy specify the network response at any possible signal.
Moreover because the variation of signals in SAW devices are of
some order of magnitude, it is useful to express these coefficients
in dB (remembering that they are ratios).
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xdBm=107o mW
10 dBm=10 mW

0 dBm=1 mW

-10 dBm=0.1 mW
-20 dBm=0.01 mW

With 50Q) load

10 dBm~1000 mV
0 dBm=2300 mV
-10 dBm=~100 mV
-20 dBm=230 mV

ELECTROTECHNIC

Linear response with different power of signal

-10.0 -
-20dBm ——

-10dBm
20.0 VAN 0dBm -

' / \\ 100Bm ——
-30.0

-40.0 A
50.0 v N VAN V\WAVNV\/U(\WA/\ Ny

JOO W X

, i f NV UA : v
70.0 MNJW\M/V\A Wi UV VN A

-80.0 L L
530.0 540.0 550.0 560.0 570.0 580.0 590.0 600.0 610.0

Frequency (MHz)

Transmitted Signal (dBm)

Figure 37.: SAW filter with IDT of 4o pairs on 2 um of GaN on
Sapphire, exited with signals of different power.

The signal generator produces a signal a;, expressed in dBm,
that is a measure of power supposing that there is a load R of
500). The power of a periodic signal is

P — Vrzms
R 4
where Vi s is the root mean square voltage, and for sinusoidal
signal is

(A.18)

1! V
Vims = ([ = | (Vpsin(wt))?dt = =%, A1
- \/TL(p @opat=-L, (A9
Where V, is the voltage peak. The power of these signals is
VZ
= _P
P= R (A.20)

As a consequence, the conversion between dBm and mV with
50Q load is

xdBm)
10710

10

x(V) = (A.21)

A.1.3 P Matrix

The study of the elements of SAW devices, like gratings or cavi-
ties, needs a quantity that controls the potential and the current
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through each element. Introducing and additional electrical ports,
and considering the other two port for acoustic signals, the P-
matrix is:

b P11 P12 Pi3 aj
by | = Py Pn P az (A.22)
I P31 P3p P33 \%

If V = 0 with the same argument used for S-parameters, we have:

PP+ Pl =Pyl + Pyl =1 (A.23)

and
P11P7y + P3Pz = 0. (A.24)

A2 1 PORT RESONATORS

The Q factor defined in chapter 1 characterizes an unload res-
onator, and it is unaffected by any external electrical components.
In the following we will call it Qo.

The excitation and the measurement of a resonator signal in-
evitably reduce the total Q factor, because of energy losses in the
feed line. Following [4] the total Q factor is

T n 1

Q Qo Q.
where Q., called external quality factor, is due to the electrical
energy loss. Therefore it is not possible to measure directly the
internal quality factor Qo.

The equivalent circuit of 1 port resonator is presented in figure
38. The capacity Cy is the static capacity due to the electric
capacitor that each couple of fingers forms. The measurement of
its value for our devices gives

(A.25)

Co ~ TpF. (A.26)

Actually this value sums up the static capacity of the PCB, of
the bonding, and of course the resonator: therefore this value is
an upper limit. R, C and L are the dynamic values of resistance,
impedance and capacity: these values are different from zero only
in the presence of a SAW. Since C is much larger than Cy we will
neglect the static capacity in the following.

The reflection coefficient for the equivalent circuit is given by

L—17

S = ,
1 L+ 27

(A.27)
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Figure 38.: Equivalent circuit model for a SAW resonator.

where Zy and Z are respectively the impedance of the feed line
and the resonator:

) o1 ) 1

Defining the resonance wy = # the internal Q-factor is

L

Qo = Wo - (A.29)

Using the approximation around wy

(wz—w%) = (w—wp)(w+ wp) ~ 2wAw, (A.30)

the impedance becomes

2 2
— 2RQpA
Z(w) =R+ iwl (‘”—2“’0> ~ R ZRQeAW (A.31)
w Wo
Finally using the definition of external Q factor
L
Qe = Qo = wo, (A32)
0
and the relation
Aw w—wy f—A»)
— = A.
w0 w0 o (A.33)
the reflection coefficient for resonator is:
Qe—=Qo -0 f=fo
Sui(f) = & AT (A34)
Qerdo 4 2iQe 0
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B.1 ERRORS

The measurement of the signal from the Signal Generator through
the shorted cables is shown in figure 39.

o
o6 zna w00

o suonlw 7000800053000
roquency (WHz)

Signal from Source Signal from Source
8.54

10 dBm flat signal 10 dBm flat signal

Transmitted Signal (dBm)
Transmitted Signal (dBm)

8.35 8.40
300.0 320.0 340.0 360.0 380.0 400.0 420.0 520.0 540.0 560.0 580.0 600.0 620.0
Frequency (MHz) Frequency (MHz)

Figure 39.: Shorted cables signal for 10 dBm input.

The signal is not flat. In the frequency range from 300 MHz to
400MHz (the same of our measurements) there are random trends
of 0.3dB amplitude. Since our measurements have almost always
a larger signal, in a smaller range we decided to not subtract these
trends.

B.2 DATA PLOTS

Data are plotted with the following gnuplot script:

set title ”Plot Title”

set xlabel ”“Frequency (MHz)”

set ylabel “Transmitted Signal (dBm)”

set format x "%1.1s” # %s=mantissa

set format y "%1.1s” # 1.1=format

set grid #grid on plot

set style line 1 It 2 lc rgb ”“blue” lw 3 #line type 2,
line color blue, line width 3

set xrange [530000000:610000000]

set border 3 lw 2 #border type 3 with line width 2
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7

set terminal postscript eps color solid enhanced font
Helvetica ,20’ #output file postscript, line solid,
large font

set output ’“plot_example.eps’

plot “./data.dat’ every ::6 w1l ls 1 title ”legend” #plot
data, start from row 6, with line, line style 1,
legend

gnuplot_plot.gnu

The plot of solution of Rayleigh waves for isotropic media is
made with this matlab script:

[x,y] = meshgrid(o:0.25:10,0: —0.25: —2); %define the plot
domain

u=cos(x) .=*(exp(0.8475+y) —0.5774*exp(0.3933+y)); % define
the x component of the field

v=0.8475%cos(x).*exp(0.8475%y) —1.468+sin(x) .*exp(0.3933+*y
); %define the y component of the field

hFigi=figure (1) ; %define new plot window

set (hFig1, ’"Position’, [0 o 1500 750]); %set plot windows

quiver (x,y,u,v, 'linewidth’ ,2); %plot vector field

set(gca, "fontsize’ ,30); %set plot font size

xlabel (’Relative position $\frac{x}{k_R}$’, Interpreter’,
"latex’,’FontSize’, 30');

ylabel (’Relative position $\frac{y}{k-R}$’, Interpreter’,
"latex’,’FontSize’, 30);

title (’'Displacement Field’,’FontSize’, 307);

xlim ([o 10]); %set x limits

ylim([—-2 o]); %set y limits

[x,y] = meshgrid(o:0.01:10,0: —0.001: —2); %define the plot
domain

u=cos (x).*(exp(0.8475+y) —0.5774*exp(0.3933+y)); % define
the x component of the field

v=0.8475+cos(x).*exp(0.8475%y) —1.468+sin(x) .*exp(0.3933*y
); %define the y component of the field

hFiga=figure (2);

set (hFig2, ’Position’, [0 o 1500 750])

contourf(x,y,(u."2+v.”2).%0.5,100, "LineColor ", 'none”) %
plot scalar field

c=colorbar; %draw color bar

set(gca, 'fontsize’,30);

xlabel ('Relative position $\frac{x}{k_R}$’, Interpreter’,
"latex’,’FontSize’, 30');

ylabel ('Relative position $\frac{y}{k-R}$’, Interpreter’,
"latex’,’FontSize’, 30);

title (’'Displacement Module’,’ FontSize’, 307);

ylabel(c, 'Total displacement $\frac{|\mathbf u|}{k-R}$",’
Interpreter’,’latex’, FontSize’, 30); %color bar label

isotropic.m

The solution of band structure for infinite grating is realized
with the following matlab script:
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hFigi=figure (1) ; %define new plot window

set (hFig1i, ’"Position’, [0 o 1500 750]); %set plot windows

h=ezplot(’cos(x*pi)=cos(yx*pi)/0.8")

grid on;

set (h, 'LineWidth’ ,2, "linecolor’, "blue ")

set(gca, "fontsize’ ,30); %set plot font size

xlabel (‘wave solution $\mbox{Re}\left\{\frac{\gamma p}{\
pit\right\}$’, Interpreter’,’latex’, FontSize’, 30’);

ylabel (’'Incident wavenumber $\frac{kp}{\pi}$’,’
Interpreter ’, ’latex’, "FontSize’, 30);

title ("Pass Band’, FontSize’, 307);

xlim ([o 3]); %set x limits
ylim ([o 3]);  %set y limits
hFiga=figure (2); %define new plot window

set (hFig2, ’"Position’, [0 o 500 750]); %set plot windows

hold on;

grid on;

hi=ezplot(’cos(i*x*pi)=cos(y*pi)/0.8")

set(h1, 'LineWidth’ ,2, "linecolor’, "blue’)

ha=ezplot(’cos(i*x*pi)=—cos(y*pi)/0.8")

set(h2, "LineWidth’ ,2, "linecolor’, "blue ")

set(gca, "fontsize’ ,30); %set plot font size

xlabel (" Attenuation $\mbox{Im}\left\{\frac{\gamma p}{\pi
Hright\}$’, Interpreter’,’latex’, FontSize’, 30’);

ylabel ("7);

title (’'Stop band’, ’FontSize’, 307);

xlim ([o 1]); %set x limits

ylim ([o 3]); %set y limits

band.m

The plot of refectivity in function of the ratio & is done with
the following matlab script:

x=[0:0.0001:0.05];
hFigi=figure (1) ;
set (hFig1, ’Position’, [0 o 800 400]);

set(gca, "fontsize’,20);

hold on;

grid on;

plot(x,tanh(100%(0.001+0.5%x)), linewidth’,2, "color’,’
Green’) ;

plot(x,tanh(250%(0.001+0.5%x)), linewidth’,2, "color’, 'Red
)i

plot(x,tanh(500%(0.0014+0.5%x)), linewidth’,2, " color’,’
Blue ") ;

xlim ([ —0.01 0.05]);

ylim ([o 1.1]);

xlabel (’Ratio $\frac{h}{\lambda}$’,6 'Interpreter’, "latex’,
"FontSize’, 20');

ylabel (' Reflectivity $\tanh(N|r|)$’, Interpreter’, latex’
,"FontSize’, 207);

legend ( 'N=100", 'N=250", 'N=500", "Location’, "East”)

thickness.m
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The data treatment for time resolved measures is shown in this

matlab script:

clear %clear the previous data

numfiles = 51; %number of files to read
t_min=975; %start time measure to plot
t_max=2000; %end time measure to plot
mydata = cell (1, numfiles); %data structure

%import data
for k = 1:numfiles
myfilename = sprintf(’delay_%d.csv’, k+1);

mydata{k} = importdata(myfilename, ',’, 2);
end

%data envelope
for i=1:numfiles

eval (sprintf(’s(%d,:)=abs(hilbert(mydata{%d}.data(:,2)))

;0,1 1))
end

%data conversion in logaritmic scale
for i=1:2000
for j=1:numfiles
s(j,i)=10+logio(s(j,i));
end
end

%data flying mean (smoothing)
for i=1:numfiles

s(i,:)=smooth(s(i,:) ,30);
end

%organizing data in matrix

t=zeros (t_max—t_min+1,1);

s2=zeros (numfiles ,t_max—t_min+1);

for i=1:t_max—t_min+1
s2(:,i)=s(:,i+t.min—1);
t(i,1)=mydata{1}.data(i+t-min—1,1)*10"9;

end

f=zeros (numfiles ,1) ;

for i=1:numfiles

f(i,1)=345+(i—1)*0.5;
end

%3D plot

hFigi=figure (1) ;

set (hFig1, ’Position’, [0 o 1000 500])
surf(t(:,1),f(:,1),s2, EdgeColor’, 'none”)
hold on;

[7,h]

xlabh

get(gca, "xLabel ") ;
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| set(get(gca, ylabel”), rotation’,45, FontSize’ ,20);

0| title ('Time Resolution of 1 Volt 200ns Pulse Signal’);
s || xlabel ("Time (ns)’);

- || ylabel ("Frequency (MHz) ") ;

53| zlabel (" Transmitted Signal (dB)”);

54

55 ||hh = get(h, "Children’); %# get handles to patch
objects

56 || for i=1:numel(hh)

57 zdata = ones(size( get(hh(i), ' XData’) ));

58 set(hh(i), ’'ZData’,—jo0xzdata)

50 || end

| view([15 20]);
o || c=colorbar;
o2 | ylabel(c, "Voltage Loss (dB)");

64 ||%2D plot

65 || hFiga=figure (2) ;

o | set (hFigz, ’'Position’, [o o 1000 500])

o7 || contourf(t(:,1),f(:,1),s2,100, LineColor’, 'none’);

o | xlabel ("Time (ns)”);

6 || ylabel (’Frequency (MHz) ") ;

70| title ('Time Resolution of 1 Volt 200ons Pulse Signal’);
s |l c=colorbar;

72 || ylabel(c, ’Voltage Loss (dB)’);

impulse.m
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