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Main abbreviations and symbols

Natural constants

e Electron charge
~ Planck constant/2⇡
k

B

Boltzmann Constant
"0 Vacuum permittivity
j Imaginary unit

General variables

f Frequency
! Angular frequency (2⇡f)
� Wavelength
k Wave number
T Temperature

SAW
X, Y , Z Crystal symmetry axes
x1, x2, x3 Arbitrary axes
f0 Main frequency
!0 Main angular frequency
v

f

SAW free velocity
v

m

Metallized velocity
v

e

Effective velocity
� SAW wavelength
�

free

SAW wavelength in non metallized regions (�
free

> �)
p Pitch
a IDT electrode width
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h Aluminium layer thickness
� Scaled metallization ratio
� Complex SAW amplitude expressed in electric potential
I Current
I

sc

Short circuit current
V Voltage
A Array factor
P̂ Polarity
E Element factor
W IDT length
N

T

Number of fingers in an IDT
N

P

Number of finger pairs in an IDT (N
T

/2)
N

G

Number of fingers in a grating
Z Impedance
Y Admittance
Y0 Admittance load
G

a

Acoustic Conductance
B

a

Acoustic susceptance
C

T

IDT capacitance
C0 Static capacitance
C

m

Motional capacitance
L

m

Motional inductance
S S-matrix
A

I

, A
T

Incident and transmitted complex SAW amplitude
P P-matrix
⇢

e

Electrostatic charge density
⇢

e

Fourier transform of ⇢
e

P

x

Legendre function (where x2 R)
P

n

Legendre polinomial (where n2 Z)

Cavities and resonators

d

⇤
s

Distance between transducer and grating
(reference point in the middle of the first electrode)

d

s

Distance between transducer and grating edges
d

⇤ Distance between two gratings
(reference point in the middle of the first electrode)

d Distance between two gratings edges
L

T

IDT length
L

G

Grating length
L

P

Penetration length
L

C

Cavity length
r

s

Complex value of the reflectivity of one electrode
�

r

Phase of r
s

� Complex value of the reflection coefficient
�

g

Phase of �
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Quality factors

Q0 Internal quality factor
Q

r

Quality factor due to the finite grating reflectivity
Q

m

Material quality factor
Q

d

Diffraction quality factor
Q

e

External quality factor
Q

L

Loaded (or measured) Q



Chapter 1

Introduction

The field of superconducting circuits has been revolutionized by the advent
of circuit-QED, in which qubits are coupled to high quality resonators such as
coplanar waveguides. Such a concept can also be realized with Surface Acoustic
Wave (SAW) resonators and could lead to the fabrication of quantum memo-
ries and other devices in the field of quantum information. SAW devices were
first proposed in 1960s. These devices are a suitably shaped metallic thin film
deposited on the surface of a piezoelectric crystal such as quartz or GaAs. Piezo-
electricity is the most important feature as it allows an electrical signal to be
converted into an acoustic wave, which travels across the surface of the crystal.
To achieve this, the deposited film on top of the substrate must have a specific
geometry.

The component of a SAW device that allows this conversion is called Inter-
Digital Transducer (IDT). The surface acoustic wave produced by an IDT is
most of the time a Rayleigh wave, which was first discovered in 1885 by Lord
Rayleigh [Rayleigh85] and have several applications also on the study of seismic
phenomena.

SAW devices have been thoroughly investigated at room temperature where
they find most of their applications: the transduction between the electrical
signal and the acoustic wave is vastly used to realize delay lines. Approxi-
mately 9 billion SAW devices are produced every year and they are present in
all of our televisions and mobile phones [Morgan99]. Nevertheless, they have
not been completely studied at low temperatures where they can be exploited
for interesting applications in quantum information and quantum computing
[Gustaffson12]. The aim of this project is to characterize 1-port Surface Acous-
tic Wave resonators and to find their quality factors from room temperature
down to 10mK.

The building blocks of a quantum computer are a qubit (a two level system
where the information is stored) and a resonator (which is used to manipulate
the state of the qubit). Up to now, coplanar waveguide resonators have been
widely used for building 2D cavities reaching quality factor of the order of 105 at

5



CHAPTER 1. INTRODUCTION 6

20mK [Goppl08]. On the other hand, SAW resonators are known for achieving
quality factors up to 180000 at 4K with a working frequency greater than 1GHz
[ElHabti96]. In this range of frequencies the quantum ground state can be
reached with regular cryogenic equipment. In addition, a preliminary study of
SAW resonators below the critical temperature of aluminium showed a sharp
decrease in losses when the transducers turn superconducting [Yamanouchi99].

In this thesis, I studied, designed and fabricated SAW resonators with a
working frequency in the range of 0.1� 1 GHz. I have designed the photomask
of 1-port and 2-port resonators by means of a computational software progam.
The output of this program is a geometric pattern which contains all the in-
formation needed for the realization of a photomask. A company, JD Photo-
Tools has realized this photomask for us. With standard photolithographic
techniques, I fabricated SAW resonators inside a clean room1. The aluminium
layer has been deposited on the top of the wafer thanks to an evaporator. By
means of a Vector Network Analyzer, I measured the SAW resonators response
from room temperature down to 10mk and I have analyzed the response data
with a theoretical model. The future development of this project is to further
understand the main loss mechanisms and then couple SAW resonators with
a superconducting qubit, such as a Cooper Pair Box or a Transmon, with a
working frequency in the range of 1� 10 GHz.

This thesis is organized as follows: in Chapter 2, I report the theory un-
derlying the operation of a SAW delay line, a 1-port resonator and a 2-port
resonator; in Chapter 3 and in Chapter 4 the photolithograpic recipe and the
measument setup is presented; the final Chapter reports the main conclusions
of my work.

1Carendon Laboratory, Oxford



Chapter 2

The basics of SAWs

Surface acoustic waves are mechanical perturbations travelling on the surface
of a medium. An electrical signal can be transformed into a surface acoustic
wave thanks to piezoelectricity, a property shown by a number of crystals such
as quartz or lithium niobate. This energy transformation is called transduction.
In this chapter and in the following ones all parameters are referred to quartz,
the material we adopted for our experiments.

The axes of the bulk quartz crystal are shown in Fig. 2.1. Waves are induced
and propagated in the x1 direction, whereas x3 is normal to the surface. The
crystal symmetry axes are defined as: X, Y and Z. The quartz crystal has been
cut in such a way that the X axis is parallel to x1, whereas the Y axis is 42.7°
rotated with respect to x3; this particular configuration is called 42.7°Y � X

quartz or simply ST-X quartz. It has been proven that this cut allows optimal
coupling for transduction [Parker88].

The SAW travels with a free velocity v

f

= 3159m/s. If a metallic thin film
is deposited on the surface of the crystal, the SAW velocity decreases and is
now called v

m

, the metallized velocity. The fractional difference between these
velocities, �v/v, indicates the piezoelectric coupling to the wave. It is often

Figure 2.1: Axes for surface-wave analysis.

7



CHAPTER 2. THE BASICS OF SAWS 8

Figure 2.2: The typical geometric design of a transducer: a) a 3D view of the
IDT, b) side view of a tranducer and its thickness h and c) top view showing
the top and bottom bus bars with their respective polarities: P̂

m

= 1 for the
electrodes connected to the top bus bar and P̂

m

= 0 for the grounded electrodes.

called the coupling strength:

�v

v

=
(v

f

� v

m

)

v

f

. (2.1)

The value for ST-X quartz is �v/v = 0.0006, which is weak compared to
other piezoelectric crystals. On the other hand, quartz has a good temperature
stability. In addition, it allows reaching quality factor higher than other crystals,
making it suitable for designing SAW resonators.

2.1 Transducers

Fig. 2.2 shows a transducer, namely a thin pattern of aluminium deposited
on the surface of a piezoelectric crystal. A transducer consists of several metallic
fingers connected to two bus bars facing each other. The length of the fingers
is W , their width a and their pitch p. When an AC voltage difference is ap-
plied between the two bus bars, the piezoelectric crystal contracts and expands
periodically in time, thus generating two SAWs which propagate in opposite
directions. Transduction is most effective when the surface acoustic wavelength
is twice the pitch, � = 2p. Their working frequency is given by the simple
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Figure 2.3: Different patterns for different transducer designs: a) a generic
transducer b) a uniform single-electrode transducer with a repetitive polarity
sequence 01 c) a regolar transducer with polarity sequence 001 and d) a double-
electrode transducer with polarity sequence 0011. Type b) is the most common,
while transducer d) has the advantage of minimizing spurious reflections. See
text for details.

equation
f =

v

f

�

,

where v

f

is the free velocity mentioned before.
It is possible to design different types of transducers as shown in Fig. 2.3.

A transducer is called regular if its electrodes have constant width and spacing
and is called uniform if it has a repetitive sequence of electrode polarities.

The most basic transducers are single-electrode transducers (b) and double-
electrode transducers (d). The former has the advantage of reaching high fre-
quencies with longer pitches since � = 2p; on the other hand, this type of
transducer is affected by spurious reflections; the latter has the advantage to
suppress any unwanted reflections, but it is more difficult to work with high
frequencies since � = 4p (As frequency is inversely proportional to �, in order
to increase f , it is necessary to work with small pitches, but in practice it is
not possible to fabricate transducers with pitches smaller than 1µm using stan-
dard photolithographic techniques; electron beam lithography, which is more
sophisticated, must be considered). If the final goal is to couple a SAW res-
onator to a superconducting qubit which usually works in the range 1�10GHz,
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p [µm] f [GHz] T [mK]

1 1.58 75
2 0.79 38
5 0.32 15
15 0.10 4.8

Table 2.1: Single-electrode transducers: different pitch values with the cor-
reponding frequency and temperature given by Eq 2.2. We are assuming
v

f

= 3159m
/s.

then it is better to use single-electrode transducers which can operate at higher
frequencies. In addition, it is possible to reach the quantum regime only if
the thermal excitations of the crystal do not disturb the surface acoustic waves
coupled to the superconducting qubit. As the crossover between classical high-
temperature and quantum low-temperature regime of a simple oscillator occurs
around a temperature such that:

~! = k

B

T (2.2)

higher working frequencies implie that the quantum regime can settle at higher
temperatures.

Table 2.1 lists different pitch values with the corresponding frequency and
temperature given by Eq. (2.2). In our lab, we have a dilution refrigerator1
that can reach a local minimum temperature of 9mK: this means that a pitch
of 5µm (� = 10µm) should enable us to reach the quantum regime of our SAW
devices.

2.2 Delay lines: the delta-function model

Before considering 1-port and 2-port resonators, let us focus on delay lines.
A delay line consists of two transducers deposited on a single crystal aligned
along the x1 direction and separated by a certain distance. When an oscillating
voltage is applied across the bus bars of the right transducer of Fig. 2.4, two
acoustic waves leave the IDT in two opposite directions. The SAW that travels
to the left impinges the second transducer and generates a short-circuit current
I

sc

; the delay is proportional to the distance between the two transducers. This
device works as a practical delay line because the sound speed of the wave
carrying the signal between the two IDTs is much slower than the typical speed
of an eletrical signal travelling along a cable. The sound velocity for ST-X
quartz is v

f

= 3159m/s, which corresponds to a delay of around 300 ns per mm
of path length.

1Oxford Instruments, model Triton 200
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Figure 2.4: Scheme of a SAW delay line. The transducer on the right is the
launching transducer while the one on the left is the receiving one. In this
case the terminal ports are just outside the two IDTs. The two transducers are
supposed to be identical.

We present an analitycal model to predict the response of a SAW delay line.
The theoretical framework of this section and the following ones follows the
work by Morgan [Morgan07].

Firstly, the total number of electrodes is denoted by M , the electrodes of the
input IDT are labeled by their positions x1 ... x

m

... x

M

and the voltage across
the bus bars is V . The electrodes connected to the top bus bar have polarity
P̂

m

= 1, whereas electrodes connected to the bottom bus bar have polarity
P̂

m

= 0; since they are grounded, they do not produce any SAW. The wave
number is k = 2⇡/�. The two transducers are considered identical and non-
reflective. The acoustic wave produced by the m-th electrode of the launching
transducer is:

�

m

(!) = V EP̂

m

e

jk(x�xm)
, (2.3)

where ! = 2⇡f is the angular frequency of the electric signal applied to the input
IDT. In this case, we are assuming that the element factor E(!) for a single
electrode transducer is simply a constant and its value is E = 1.694j�v/v at
the main frequency f0. Thus, the total acoustic wave leaving the transducer
evaluated e.g at x = 0 is the sum of all the waves generated by each electrode:

�

S

(!) =

MX

m=1

�

m

(!) = V E(!)

MX

m=1

P̂

m

e

�jkxm = V E(!)A(!), (2.4)

where N

p

= M/2 is the number of eletrodes pairs and A(!) defined above is
called the array factor. Eq. (2.4) defines a surface acoustic wave generated by
a transducer as the electric potential evaluated at the substrate surface. The
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Figure 2.5: Generic delay line. The amplitudes of the surface acoustic waves
are denoted by A and the current and voltages by I and V respectively. This is
an example of a two port network that is usually investigated by means of the
Y -matrix or S-matrix. See [Pozar12] table 4.2 for further details.

value of the array factor is:

A(!) =

MX

m=1

P̂

m

e

�jkxm =
sin(N

p

kp)

sin(kp)
e

�jkp(Np+1)
. (2.5)

For future considerations, it is useful to consider the array factor absolute value.
As k = 2⇡/� and � ⇡ 2p, we can assume kp t ⇡ and define ✓ = kp�⇡ (✓ ⌧ 1).
As |sin(N

p

(⇡ + ✓))| = |sin(N
p

✓)|, it is clear that:

|A(!)| t N

p

����
sin(N

p

✓)

N

p

✓

���� = N

p

����
sin(X)

X

���� (2.6)

where X = N

P

✓ = N

P

⇡(! � !0)/!0 and !0 is the main angular frequency.
Therefore, the graph of the array factor is simply a Sinc function. The array
factor contains in itself the response of the delay line. This model is called delta
function model because each electrode is described as a pointlike source in the
x1 direction (infintely extended in the x2 direction).

SAW devices are usually modelled thanks to equivalent circuits which have
the same impedance of the acoustic device. Before considering the equivalent
circuit of a simple delay line, let us introduce two important ingredients in this
theoretical framework. Let’s condider the SAW device in Fig. 2.5. A voltage
is applied to transducer A which produces a SAW travelling to the right. The
distance between the two ports is d. Referring to the voltages and currents in
Fig. 2.5, we can define the Y -matrix as follows:


I

A

I

B

�
=


Y11 Y12

Y21 Y22

� 
V

A

V

B

�
(2.7)

The Y

ij

matrix elements have dimensions of a conductance. If we have only
transducer A, then I

a

= Y11Va

: thus the admittance of the transducer is Y
TA

=
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Y11 = I

a

/V

a

. If we only have transducer B instead, Y

TB

= Y22 = I

b

/V

b

.
Usually, the two transducers are equal and in this case Y

TA

= Y

TB

= Y

T

. In a
similar way, we introduce the S-matrix as:


V

B

V

B

�
=


S11 S12

S21 S22

� 
V

A

V

A

�
. (2.8)

The S

ij

matrix elements are dimensionless numbers: their importance will be-
come clear later.

As mentioned above, SAW devices can be modelled with equivalent circuits.
The equivalent circuit of a transducer is depicted in Fig. 2.6. The total admit-
tance of a transducer can be written as:

Y11(!) = Y

T

(!) = G

a

(!) + j (B
a

(!) + !C

T

) (2.9)

where G

a

is the acoustic conductance, B
a

is the acoustic susceptance and C

T

is
the transducer capacitance. The imaginary part of the acoustic admittance is
naturally combined with the electric contribution of the IDT capacitance, which
is by far the dominant electric contribution. Their values are given by:

G

a

(!) t G

a

(!0)

����
sin(X)

X

����
2

(2.10)

B

a

(!) t G

a

(!0)
sin(2X)� 2X

2X2
(2.11)

C

T

= N

p

W ✏1 (2.12)

where G

a

(!0) = 2.87!0✏1WN

2
p

�v/v and ✏1 = ✏0 +
p

✏11✏33 � ✏

2
13 (for quartz,

✏1 = 5.6✏0). Lastly, the matrix element Y12 (which is equal to Y21 since the
two trasnducers are assumed to be identical) is given by:

Y12 = Y21 = I

sc

/V

T

(2.13)

The squared modulus of Y12 is the product of the conductances of the two
transducers:

|Y12|2 = G

L

a

(!)GR

a

(!) (2.14)

This simple model provides us with analitical equations for each element of
the Y -matrix. In a real experiment, the input and output signals of a delay line
are usually connected to a vector network analyzer (VNA) which measures the
entries of the S-matrix as a function of frequency. Thus, it is convenient to give
the exact relations between Y

ij

and S

ij

[Pozar12]:

S11 =
(Y0 � Y11)(Y0 + Y22) + Y12Y21

(Y0 + Y11)(Y0 + Y22)� Y12Y21
(2.15)

S12 =
�2Y12Y0

(Y0 + Y11)(Y0 + Y22)� Y12Y21
(2.16)

where Y0 is the admittance load (typically Y0 = 1/50⌦�1). We underline that
Eq. (2.15 - 2.16) hold only for two port networks.
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Ga( f )/GaH f0L
Ba( f )/GaH f0L

515 520 525 530

-0.5

0.0
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G
a
an
d
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ed
to
G
aHf 0
L

Figure 2.6: a) Transducer and its equivalent circuit with three elements in
parallel: an acoustic conductance G

a

(which gives the real part of the transducer
admittance Y

T

), the acoustic susceptance B

a

and the IDT capacatice C

T

. The
imaginary part of the admittance Im(Y

T

) = B

a

+ C

T

is dominated by the
capacitance C

T

at resonance. b) Plots of G

a

(f) and B

a

(f). The graph was
plotted assuming a transducer with main frequency f0 = 522.25MHz, number
of fingers N

T

= 51 and length W = 150�0.
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Figure 2.7: Transducer with two terminal ports.

2.3 P-matrix for non-reflective and reflective trans-

ducers

Before considering cavities and resonators, it is necessary to briefly review
the P -matrix of non-reflective and reflective transducers. The P -matrix is a
common form of scattering matrix first introduced by Tobolka [Tobolka79]. This
matrix is convenient for analyzing a wide variety of SAW devices. It is assumed
here that the IDT generates only Rayleigh waves and losses are ignored. The
transducer is assumed to be non-reflective: in other words it does not reflect the
waves when shorted. Fig. 2.7 illustrates the parameters used: A

I1 and A

I2 are
the two incident waves, while the amplitudes of the waves leaving the transducer
are denoted by A

T1 and A

T2.
The P-matrix is defined as follows:

2

4
A

T1

A

T2

I

3

5 =

2

4
P11 P12 P13

P21 P22 P23

P31 P32 P33

3

5

2

4
A

I1

A

I2

V

3

5 (2.17)

We can write explicitly the following three equations which will allow us to
understand the entries of the P -matrix:

A

T1 = P11AI1 + P12AI2 + P13V (2.18)
A

T2 = P21AI1 + P22AI2 + P23V (2.19)
I = P31AI1 + P32AI2 + P33V (2.20)

Assuming V = 0 and A

I2 = 0 (no wave arriving from the right), then A

T1 =
P11AI1. Thus P11 = A

T1/AI1 represents the reflection coefficient. Since we
supposed that our transducer is non-reflective, P11 = 0; similarly, P22 = 0.
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Now consider again the case in which V = 0. From the first equation we
have A

T1 = P12AI2. Thus, P12 = A

T1/AI2 is the ratio between the two wave
amplitudes. When a wave travels a distance L to the right, its amplitude A0

changes in this way: A0 ! A0e
�jkL. Therefore, P12 = P21 = e

�jkL is simply a
phase. Let’s now consider the case in which we have no amplitudes at all; from
the third equation I = P33V . Thus, P33 = I/V = Y

T

is the admittance of the
transducer. The other entries, namely P13, P31, P23 and P32, are more difficult
to compute; their expressions are given below:o

P11 = P22 = 0 (2.21)
P12 = P21 = e

�jkL (2.22)
P13 = �P31/2 = j⇢̄

e

(k)
p

!W�
s

/2e�jkL/2 (2.23)
P23 = �P32/2 = j⇢̄

e

(�k)
p
!W�

s

/2e�jkL/2 (2.24)
P33 = Y

T

(!) = G

a

(!) + j(B
a

(!) + !C

T

) (2.25)

where �
s

= (�v/v)/✏1, ✏1 = 5.6✏0 and ⇢̄

e

(k) is the Fourier transform of the
electrostatic charge density ⇢

e

(x) and it was computed by Peach [Peach81] and
Datta [Datta80]:

⇢̄

e

(k) = ✏1
2 sin⇡s

P�s

(� cos�)
P

m

(cos�), m  kp

2⇡
 m+ 1 (2.26)

where s = kp/(2⇡) � m so that 0  s  1 and � = ⇡a/p. In Eq (2.26),
P�s

(� cos�) is a Legendre function and P

m

(cos�) is a Legendre polynomial.
The function ⇢̄

e

(k) is plotted in Fig. 2.8. In the previous section, the element
factor in Eq 2.4 was said to be a constant: E = 1.694j�v/v at the resonant
frequency f0 (see Fig. 2.8); more precisely, it is given by E (!) = ⇢̄

e

(!)j�v/v.
So far we have considered non-reflective transducers. Actually, transducers

do reflect and the entries of the P -matrix change a bit. From the coupling of
modes (COM) theory we can estimate the values of the P -matrix for a reflective
transducer. In the following chapters, we will only need P11 and P22; their values
are:

P11 = �1 = �c

⇤
12
sin(sL)

D

(2.27)

P22 = �2 = c12 sin(sL)
e

�2jk0L

D

, (2.28)

where c12 = r

s

/p, s

2 = �

2 � |c12|2, � = 2⇡(f � f0)/vf and D = s cos(sL) +
j� sin(sL),. The reflection coefficient of one electrode, r

s

, will be explained in
the next section. The reason why is so important to introduce P11 and P22 is
because cavities and resonators consist of gratings, which are usually approxi-
mated as shorted reflective transducers.
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Figure 2.8: The function ⇢̄

e

(f) computed for an IDT with N

T

= 51. A metal-
lization ratio of a/p = 1/2 is assumed. It is possible to notice that ⇢̄

e

(f) = 0
when f = 3f0, thus the third harmonic should not be present for regular single-
electrode transducers. On the other hand, the fifth harmonic is not suppressed,
since in this case ⇢̄

e

(f) 6= 0.

2.4 Cavities

In the optical domain of electromagnetic spectrum, a cavity simply consists
of two reflective mirrors facing each other. In SAW devices, acoustic waves
are reflected by gratings, namely periodically spaced discontinuities. These can
consist simply of open or short-circuited thin metal strips deposited onto the
surface of the piezoelectric substrate. The periodicity of the grating at a specific
frequency yields a cumulative resultant reflection from the front edges of the
discontinuities. Fig. 2.9 shows two different types of gratings. In the present
work short-circuited strips were used.

The distance between the two gratings is called d

⇤, while the grating length
is L

G

. The surface acoustic wave will be efficiently reflected only after a certain
number of electrodes. The penetration depth L

p

is defined as the length after
which the wave amplitude is reduced to 1/e of its original value. The total
cavity length is L

c

= d

⇤ + 2L
p

. We would like to find the explicit value for
L

c

. To this end, we need to consider the reflection coefficient P11. Assuming
symmetrical cavities (in which P11 = P22), we can define:

P11 = P22 = � = |�| ej�g
. (2.29)

We will show that L

p

is directly proportional to the slope of the phase of �,
�

g

. First of all, since � is a reflection coefficient 0  |�|  1. Suppose now that
each strip has a reflectivity r

s

= |r
s

| ej�r . For power conservation Re[r
s

] = 0
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Figure 2.9: Short (a) and open-circuited (b) cavities. Panel (c) shows the detail
of a cavity with shorted strips. N

G

= 5 is not realistic: in a real device N

G

⇠
100�700. The distance between the two gratings is d⇤ and L

c

= d

⇤+2L
p

. The
reflection coefficient of each grating is �. The two gratings are assumed to be
identical.
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and thus r

s

is pure imaginary:

�

r

= ±⇡

2
. (2.30)

Recalling Eq (2.27), we can write:

� = �c

⇤
12
sin(sL

G

)

D

(2.31)

D = s cos(sL
G

) + j� sin(sL
G

), (2.32)

where s

2 = �

2 � |c12|2, � = 2⇡(f � f0)/vf and c12 = r

s

/p. Let us consider the
simple case in which f = f0; thus � = 0 and we have:

� = |�| ej�g = �c

⇤
12

sin(sL
G

)

s cos(sL
G

) + j� sin(sL
G

)
=

= � c

⇤
12

j |c12|
sin(j |c12|LG

)

cos(j |c12|LG

)
= �e

�j�r tanh (|c12|LG

) (2.33)

Therefore |�| = tanh (|c12|LG

) ⇡ tanh (r
s

N

G

), where N

G

is the number of
electrodes in each grating.

Here we see an important result: at resonance, the reflection coefficient of
a grating approaches unity if N

G

� 1, as we would expect. Moreover, in the
limit |r

s

|N
G

� 1, the reflection coefficient |�| is approximately equal to unity
in the range

4f = 2f0 |rs| /⇡. (2.34)

This range is called first stop band. If more than one mode of the resonator is
in this range, then the device can have several resonance frequencies.

As mentioned, we can compute the slope of the phase of � and find the
penetration depth L

P

. It is given by the equation:

tan (�
g

� �

r

) = �j

�

s

tanh(�jsL

G

) (2.35)

in this case we are assuming � 6= 0. We notice that � = 0 implies �

g

= �

r

; in
other words at the main frequency f0, the phase of the reflection coefficient and
the phase of r

s

are the same. Now we can finally find L

P

:

L

P

= �v

f

2

@�

g

@!

. (2.36)

From Eq (2.34) follows that:

L

P

= �v

f

2

@�

g

@!

=
v

f

2

tanh (|c12|LG

)

v

f

|c12|
. (2.37)

If we assume |r
s

|N
G

� 1, we arrive at the simple relation

L

P

=
�0

4 |r
s

| . (2.38)
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Figure 2.10: Top graph: magnitude of � (solid lines) and first stop band (dash
lines) given by Eq. (2.34). Bottom graph: phase of �. We are assuming
N

G

= 450 and r

s

= �0.0067j. Since the phase of r

s

is �

r

= �90°, also the
phase of � is �

g

= �90° at resonance (see Eq 2.35).
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h/�0 L

p

[mm] # fingers
0.01 0.15 50
0.001 1.5 500
0.0001 15 5000

Table 2.2: Penetration depths in millimeters and corresponding number of strips
(assuming � = 6µm) for different values of h/�0.

This result tells us that the penetration depth is proportional to the resonance
wavelength divided by the reflection of each electrode of the grating. In order
to estimate the value of L

P

, we only need to evaluate r

s

. Its value is given by
the sum of two contributions, one electrical and one mechanical:

r

s

= r

se

+ r

sm

= ±4 · 10�4
j � 0.5j

h

�0
, (2.39)

where the upper sign is for open strips and the lower sign is for shorted strips
and h is the aluminium layer thickness. This equation holds for ST-X quartz
and we assumed that the metallization ratio is equal to a = p/�0 = 1/2. Table
2.2 gives some typical penetration depths for several values of h/�0.

Now it would be interesting to understand the modes of this cavity. Let
us consider a round trip in which a wave starts between the gratings and is
reflected twice before arriving back at its starting point. The phase change for
this journey is:

4✓

RT

= 2�
G

� 2!d⇤/v
f

(2.40)
Resonance occurs when the phase change is a multiple of 2⇡. The condition for
having standing waves inside the cavity is therefore d

⇤ =
⇣
n+ �G

⇡

⌘
�0
2 . When

f = f0, we have �

G

= �

r

= ±⇡/2 and the following equation holds:

d

⇤ =

✓
n± 1

2

◆
�0

2
. (2.41)

The sign between brackets is the same as that of �
r

. It is worth noting that d

⇤

is the distance between the two gratings, where the reference points are taken
at the middle of the first finger. If the reference points are simply the edges of
the two gratings, the last equation becomes d

⇤ ! d =
�
n± 1

2

�
�0
2 � �0

4 .
Now we can easily define the length of the cavity: it is the sum of the distance

between the two gratings plus the two penetration depths:

L

C

= d

⇤ +
�

2 |r
s

| . (2.42)

For the sake of simplicity, we are assuming �/2 |r
s

| = const. Obviously, the
modes frequency must satisfy L

C

= n�/2, which can be written as f

n

=
nv

f

/2L
C

. Thus the modes spacing is:

4f

n

f0
=

f

n+1 � f

n

f0
=

�0

2L
C

=
1

2d⇤

�

+ 1
|rs|

. (2.43)
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Figure 2.11: Dependence of the reflection coefficient with frequency (dashed
line) and resonant modes of the cavity (solid lines) depicted as small peaks. The
main frequency in this case is f0 = 100MHz. In this example just one mode lies
inside the first stop band with width 0.64 |r

s

| f0 (defined as the frequency region
in which the reflection coefficient is approximately one). Other two modes are
depicted at ⇠ 99.2MHz and ⇠ 100.8MHz: these two modes lie outside the first
stop band and thus are not going to be reflected by the gratings. Nethertheless,
if the distance d between the gratings is increased, then these two modes shift
closer to f0 and they will be eventually reflected by the gratings as well.
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If d ⌧ 1, then 4f

n

= f0 |rs|. This means that the modes spacing is simply the
product between the main frequency and the absolute value of the reflection
coefficient of one strip. Recall that the efficient reflection of the gratings settles
in the range 4f = 2f0 |rs| /⇡ ⇡ 0.64f0 |rs| , Eq (2.34) which is slightly less
than the modes spacing computed above. This means that SAW cavities can be
designed to show only one resonance. We underline that if d⇤ is increased, the
cavity will have a larger number of renonances as shown in Fig. 2.11. We will
come back to this point later.

2.5 1-port SAW resonators

1-port resonators consist of a transducer placed between two gratings. A
schematic diagram of this device is shown in Fig. 2.12a. When an oscillating
voltage is applied to the two bus bars of the transducer, the IDT generates two
surface acoustic waves in opposite directions, which impinge against the two
gratings and bounce back. Standing waves settle inside the cavity as they keep
bouncing back and forth. In other words, the SAW resonator can be visualized
as a crystal resonator in which the acoustic energy is entirely confined to one
surface of the substrate. For the time being, we are considering non reflective
transducers.

The distance between the two gratings is defined as d⇤, whereas the distance
between the transducer and each grating is d⇤

s

. Also in this case the asterisk in-
dicates that the reference points are in the middle of the first electrode. In order
to have constructive interference, it can be shown that the following equation
must hold:

d

⇤ =

✓
2n± 1

2

◆
�0

2
(2.44)

to be compared with the cavity spacing found before, Eq (2.41). The sign in
brackets in Eq (2.44) is equal to the sign of �

r

. We can notice that a 1-port
resonator supports only symmetric modes. The distance for optimal reflection
between the gratings and the transducer is [?]:

d

⇤
s

=

(
n�/2 + �

free

/8 Im [r
s

] > 0

(n/2� 1/4)�
free

+ �

free

/8 Im [r
s

] < 0
(2.45)

It is relevant to point out that SAWs propagating under the transducer and
gratings have a different velocity from the waves travelling in the space between
the transducer and the gratings: in fact v

m

< v

f

. This means that if we fix
the width of the fingers in the IDT, then the wavelength in the non-metallized
region will be slightly longer: �

free

= �0vf/vm, where �0 is simply given by
�0 = 4a. This issue must be taken into account when designing the resonator.

The admittance of a 1-port resonator is related to the entries of the P-matrix
of a simple cavity. The main difference is that the reflection coefficient of the
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Figure 2.12: a) 1-port SAW resonator and b) 1-port SAW resonator equivalent
circuit. C

m

, L
m

and r form the series branch. The capacitance C0 in parallel
is responsible for the antiresonance behaviour of the device.
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gratings is now replaced by:

�0 = �e�2jkd⇤
s
. (2.46)

where � is given by Eq (2.31). It can be shown that the admittance of a 1-port
resonator is:

Y1PR

= P33 +
4P 2

13�
0

�0(P11 + P12)� 1
(2.47)

where P33 is the admittance of the tranducers when isolated, P11 and P12 are
the reflection and transmission coefficent and they are all given by Eq (2.21 -
2.25). The real part and imaginary part of the admittance Y1PR

are shown in
Fig. 2.13.

The physical meaning of Eq (2.47) can be understood better if we consider
the equivalent circuit of a 1-port resonator shown in Fig. 2.12b. It has two
branches and is called Butterworth-van Dyke equivalent circuit. In one branch
we have simply a capacitance C0, whereas in the second branch we have three
components in series: r, C

m

and L

m

. The subscript m stands for motional; in
other words C

m

and L

m

are due to the presence of surface acoustic waves. The
impedance of the first branch is simply Z1 = 1/j!C0 and the impedance of the
second branch is Z2 = r + j!L

m

+ 1/j!C
m

. Thus the total admittance is:

Y1PR

=
1

Z1
+

1

Z2
= j!C0 +

1

r + j!L

m

+ 1
j!Cm

, (2.48)

where:

C0 ⇡ C

T

= N

P

W"1

r =
1� |�|
2G

a

(!
r

)

L

m

=
L

C

(!
r

)

4v
f

G

a

(!
r

)

C

m

⇡ 1.8C0
L

T

L

C

4v

v

(2.49)

and !0 = 1/
p
L

m

C

m

.
We can now compute the S11 parameter for a 1-port resonator. This is

simply given by:

S11 =
Y0 � Y1PR

Y0 + Y1PR

, (2.50)

where Y0 = 1/50⌦�1 . Usually, it is more convenient to work in dB

S11[dB] = 20 log10
Y0 � Y1PR

Y0 + Y1PR

. (2.51)

The graph of the magnitude of the reflection coefficient S11 is plotted in Fig.
2.14.
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Figure 2.13: Real and imaginary part of a 1-port resonator admittance Y1PR

.
This simulation has been computed for a 1-port resonator with � = 8µm, f0 =
394.872MHz, N

T

= 51 and d = 276µm. The imaginary part clearly shows a
resonance frequency and an antiresonance one at f

a

= 394.33MHz. The value
of f

a

is related to the one of f0 (see text for details).
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Figure 2.14: The reflection coefficient S11.

The equivalent circuit of a 1-port resonator shows that both parallel and
series resonance occur. As seen above, the series resonance frequency is !0 =
1/
p
L

m

C

m

, whereas the parallel or antiresonant frequency !

a

is given by:

!

a

=

s
1

L

m

CmC0
Cm+C0

, (2.52)

which is related to !

r

by the simple expression:

!

a

= !

r

r
1 +

C

m

C0
. (2.53)

Depending on the ratio between C

m

and C0, the antiresonant frequency is very
different or very close to the resonant one. A design problem with one-port
structures is to locale the series-resonance frequency at a suitable offset from
the parallel-resonance one. In the limit C

m

� C0 , the antiresonance can be
neglected and the resonator can be modeled with a simple RLC resonator.

We can now consider the quality factor of a 1-port resonator. From the
equivalent circuit, the internal quality factor due to finite grating reflectivity is:

Q

r

=
!

r

4!

=
!

r

L

m

r

. (2.54)

Replacing L

m

and r with the expressions given by Eq. (2.49), the internal
quality factor becomes:

Q

r

=
!

r

L

m

r

=
1

2

!

r

L

c

(!
r

)

v

f

(1� |�|) (2.55)
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In a real experiment other type of losses will appear, such as material propa-
gation losses Q

m

and diffraction losses from sides of reflectors Q

d

. The overall
quality factor is:

Q0 =

 
X

n

1

Q

n

!�1

=

✓
1

Q

r

+
1

Q

m

+
1

Q

d

+ ...

◆�1

(2.56)

Fabrication imperfections and conversion of surface acoustic waves into bulk
modes could lower Q0 as well.

Eq. (2.56) implies that the sum of different quality factors is computed in
the same way as the total resistance of several resistances in parallel: the overall
quality factor (/resistance) will be lower than the lowest quality factor (/lowest
resistance). At room temperature, the dependence of the intrinsic acoustic
losses, Q

m

, versus frequency can be modeled by [ElHabti96]:

1

Q

m

= ↵+ �f,

where ↵ = 2.8 · 10�6 and � = 9.7 · 10�14 s; this equation holds for ST-X quartz.
This means that at f = 1GHz, the material quality factor is equal to Q

m

⇡ 104.
If all other losses mechanisms could be made vanishingly small, the internal
quality factor Q0 of the resonator would be limited by the intrinsic propaga-
tion loss of the substrate Q

m

. The latter includes contributions from viscous
damping loss as well as the air loading loss due to energy radiated into the air
region adjoining the substrate surface. The air-loading loss can be eliminated
by sealing the resonator in an evacuated package so that the viscous loss is the
ultimate limiting factor on Q0. However, when the temperature decreases, the
value of Q

m

is not a ceiling anymore and the overall quality factor can reach
Q0 = 180 000 at T = 4K for example [ElHabti96]. Typical values for 3D mi-
crowave cavities are Q0 ⇡ 106 at T ⌧ 1K [Rigetti12] and for CPW resonators
Q0 ⇡ 105 at T ⌧ 1K [Goppl08]. In Chapter 3 we investigate quality factors for
SAW resonators in the range 10� 20mK.

2.6 2-port SAW resonators

A 2-port resonator consists of two transducers placed inside a cavity, as de-
picted in Fig. 2.15a. It is usually used for oscillator applications. The distance
between the two gratings is d⇤ =

�
n± 1

2

�
�0
2 as in a simple cavity. A 2-port res-

onator can have a symmetric or antysimmetric mode, depending on the distance
between the two transducers. The equivalent circuit for a 2-port resonator is a
bit more sophisticated than the one of 1-port resonators and it is shown in Fig.
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Figure 2.15: 2-port SAW resonator (a) and its equivalent circuit (b).
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Figure 2.16: Typical dependence of |S12| with frequency for a 2-port resonator.

2.15b. Typical values for these components are listed below [Parker88]:

1.0 pF < C0 < 3.0⌦

50⌦ < r < 350⌦

0.5mH < L

m

< 1.5mH

0.05 fF < C

m

< 0.2 fF

The expressions for Y11 and Y12 are:

Y11 = P33 �
2�G

a

� + 1
(2.57)

Y12 = G

a

� � 1

� + 1
(2.58)

where P33 is the admittance of each transducer and G

a

is its acoustic conduc-
tance. The parameter � is defined as � = �e�jkd

⇤
. Resonances can occur for

� ⇡ ±1. The resonant mode is symmetric when � ⇡ 1 and antysimmetric when
� ⇡ �1. In this thesis we have measured 2-port resonators with antysimmetric
modes. In this case, the following relation must hold:

4⇤ =

✓
m+

1

2

◆
�0 (2.59)

where 4⇤ is the distance between the centers of the two transducers (see Fig.
2.15a) and m2 N. The relation between the Y -matrix and the S-matrix is
always given by Eq. (2.15 - 2.16). Fig. 2.16 shows the typical insertion loss S12

for a 2-port resonator.
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Figure 2.17: Absolute value of the reflection coefficient � as a function of h/�0.
The value of � approaches unity as N

G

goes from N

G

= 100 to N

G

= 400.

2.7 Maximizing quality factors

In this section we will focus on quality factors and how to maximize them.
If the main source of loss is given by the finite grating reflectivity, the internal
(or unloaded) quality factor Q0 is given by:

Q0 =
!

r

L

m

r

=
1

2

!

r

L

c

(!
r

)

v

f

(1� |�|) (2.60)

where L

c

is the cavity length, v

f

is the free velocity and � is the reflection
coefficient of the two gratings. It is obvious that in order to increase Q0, two
conditions must be fulfilled:

|�| ! 1 (2.61)
L

c

� 1 (2.62)

Let us consider the first condition. Since |�| = tanh (|r
s

|N
g

), |�| will approach
unity when N

g

� 1. In a real device, the number of fingers in each grating is
in the range 10 < N

g

< 10 000. On the other hand, |r
s

| is fixed by the ratio
between the aluminium thickness and the wavelength: |r

s

| = 4 ·10�4+0.5h/�0.
From Fig. 2.11, we can notice that |�| goes from 0.5 to 0.9 as N

g

goes from
100 to 400 (when h/�0 is fixed to 0.0125). Thus, the more the electrodes in the
gratings the higher the quality factor.

The second condition Eq (2.63) indicates that the quality factor increases
as the length of the cavity increases. This can be obtained by decreasing the
reflectivity of each strip (by decreasing the ratio h/�0 for example), keeping the
number of strips N

g

high enough to obtain an efficient reflection.
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Figure 2.18: Resonant circuit connected to an external load with resistanceR
L

.

Another fundamental type of loss mechanism is that due to diffraction of the
finite-width beam, as it propagates back and forth between the reflectors. As
the beam spreads, part of the energy “spills” beyond the aperture of the reflector
or the transducer and is lost to the system. Fortunately, however, diffraction
loss can be minimized as much as desired by increasing the beamwidth. Defining
a diffraction Q, Q

d

, due to this loss, it can be shown that Q
d

is proportional to
the square of the beamwidth:

Q

d

=
5⇡

|1 + �|

✓
W

�

◆2

⇡ 11.398

✓
W

�

◆2

,

where � = 0.378 for ST-X quartz [Slobodnik78]. Therefore, a width of W =
150� would lead to Q

d

⇡ 256 000.

2.7.1 Loaded and unloaded quality factors

The unloaded Q is called Q0 and it has been defined in the previous chapter:
it is a characteristic of the resonator itself, in the absence of any loading effects
caused by external electrical components. In practice, however, a resonator is
invariably coupled to other circuitry, which will eventually lower the loaded Q,
Q

L

, of the circuit. Fig. 2.18 depicts a resonator coupled to an external load
resistor, R

L

.
The loaded Q can be expressed as

1

Q

L

=
1

Q0
+

1

Q

e

. (2.63)

The level of coupling required between a resonator and its attached circuitry
depends on the application. A waveguide cavity used as a frequency meter, for
example, is usually loosely coupled to its feed guide in order to mantain high
Q and good accuracy. A resonator used in an oscillator or tuned amplifier,
however, may be tightly coupled in order to achieve maximum power transfer
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[Pozar12]. A measure of the level of coupling between a resonator and a feed is
given by the coupling coefficient. To obtain maximum power transfer between
a resonator and a feed line, the resonator should be matched to the line at the
resonant frequency; the resonator is then said to be critically coupled to the
feed. The external and unloaded Qs are equal under the condition of critical
coupling: the loaded Q is half this value. We can define the coupling coefficient
g as:

g =
Q0

Q

e

(2.64)

which can be applied to resonant circuits, when connected to a transmission line
of characteristic impedance Z0. Three cases can be distinguished:

1. g < 1: the resonator is said to be undercoupled to the feedline

2. g = 1: the resonator is critically coupled to the feedline

3. g > 1: the resonator is said to be overcoupled to the feedline

Thus, direct measurement of the unloaded Q of a 1-port resonator, for example,
is generally not possible because of the loading effect of the measurement system,
but it is possible to determine unloaded Q from measurements of the frequency
response of the loaded resonator when it is connected to a transmission line. If
the resonance circuit is a series resonator, then:

Q0 =
!0L

R

(2.65)

Q

e

=
!0L

Z0
, (2.66)

and the coupling coefficient g is simply given by:

g =
Q0

Q

e

=
Z0

R

. (2.67)

If the impedance of the feed line matches the one of the resonator, then Q0 = Q

e

and Q

L

, which is the measured quality factor, is half this value.

2.8 Fit function

Our 1-port resonators were connected to a 50⌦ line. The complex S11 (f)
parameter of a 1-port resonator connected to a feed line is given by [Pozar12]:

S11 =
Z � Z0

Z + Z0
(2.68)

where Z is the impedance of the resonant circuit and Z0 = 50 is the impedance
of the feed line. Close to resonance, we can treat our 1-port resonators as a
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Figure 2.19: Equivalent circuit of a one-port resonator connected to a feed line.
In our experiments, we have used a 50⌦ line.

series resonator. Its impedance is:

Z (!) = R+ j!L� j

1

!C

= R+ j!L

✓
1� 1

!

2
LC

◆
= R+ j!L

✓
!

2 � !
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, (2.69)

where we have used !0 = 1/
p
LC, (! � !0) (! + !0) ⇡ �! · 2! and in the last

step Q0 = !0L/R. Substituting Eq. (2.69) in (2.68) yields:

S11 (!) =
R+ j(2RQ0�!)/!0 � Z0

R+ j(2RQ0�!)/!0 + Z0
=

(Q
e

�Q0)/Qe

+ j(2Q0�!)/!0

(Q
e

+Q0)/Qe

+ j(2Q0�!)/!0
,

(2.70)
where we have used Eq. 2.67. Defining the normalized frequency as �f =
(f � f0) /f = (! � !0) /! = �!/!0, we finally obtain:

S11 (f) =
(Q

e

�Q0)/Qe

+ j2Q0�f

(Q
e

+Q0)/Qe

+ j2Q0�f
. (2.71)

This is the reflection coefficient for a series resonator connected to an external
feed line. Fig. 2.20 shows its complex plot.

Fig. 2.21 shows the magnitude of a typycal reflection coefficient for a series
resonator. It is possible to notice a defined dip at the resonance frequency. It
also shows the phase shift near resonace.

We now have to take into account the effects due to our setup. First of all,
we need to consider an additional change in phase due to the finite length of
the cables of the setup [Frey13]:

e

j(v·�x+✓)
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Figure 2.20: The normalized S11 trajectory in the complex plane for a series
resonator near resonance. For this simulation Q0 = 5000, Q

e

= 5000 and
f0 = 522MHz. The frequencies ranges from 520MHz to 524MHz.
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Figure 2.21: The amplitude and phase of a microwave probe signal reflected by
a series resonator near resonance. For this simulation, Q0 = 5000, Q

e

= 5000
and f0 = 522MHz. The phase is defined as the angle from the center of the
resonance. The phase shift is 180°.
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where v is related to the length of the setup. The term ✓ takes into account that
the frequency sweep starts with an arbitrary phase. In addition, the microwave
cables cause damping which can be approximated with a linear depencence:

a+ b · �x

The last correction term is a constant offset I

C

+ iQ

C

in the complex plane for
frequency power that is reflected back without crossing the sample. The final
equation for our model is:

S11,meas

(f) = (a+ b · �x)S11 (f) e
j((v·�x+✓) + (I

C

+ iQ

C

) (2.72)
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Fabrication and measurement

setup

In this chapter, 1-port resonators and 2-port resonators are introduced for
exploring the performances of these devices at cryogenic temperatures. Quartz
has been chosen as substrate because it is the most suitable for SAW resonators
[Parker88]. Quartz wafers have crystal axes X, Y and Z: it has been proven
that the best coupling is obtained when waves propagate in the direction x1//X

and the normal to the surface x3 is 42.7� rotated with respect to Y [Parker88].
This type of cut is called 42.7�Y �X quartz or simply ST-X quartz.

The structure of this chapter is as follows: we start with a detailed section
on the photolithographic techniques used to fabricate our devices. Then, the
chapter is concluded with a presentation of our measurements and the fit model.

3.1 Device fabrication

1-port and 2-port resonators patterns were designed using AutoCAD. I have
developed a Mathematica program to generate the pattern of the gratings and
transducer in a DXF file format. These files were then imported into AutoCAD
to assemble the rest of the layout. The CAD files were used by a company1 to
produce the final photomask. I have fabricated the resonators in a clean room
located in the Clarendon Laboratory in Oxford.

Photolithography is the standard technique to fabricate SAW resonators
with features greater than 1µm. The basic steps of photolithography are the
following: a substrate surface is coated with a radiation-sensitive polymer film
and exposed to radiation in some desired pattern; following exposure, a develop-
ment step removes the exposed polymer, thereby leaving the pattern in relief on

1JD PhotoTools

37
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the substrate surface. The substrate itself can then be patterned by depositing
aluminium into the interstices of the polymer relief pattern.

All photolithographic steps are shown in Fig. 3.1a. First of all, the quartz
wafer undergoes a cleaning treatment: it is dipped in a acetone beaker for 1min.
Then, it is placed in an ultrasound bath for 4min and blow dried with nitrogen.
In this thesis, I have used the negative photoresist AZ5214E, which appears as
a red dense liquid. Thanks to a pipette, few drops of photoresist were poured
on the wafer. The latter is mounted on a specific machine and spins for 45 sec
in this manner: during the first 10 sec its spin velocity is 500 rpm, while in the
last 35 sec, it goes up to 5000 rpm (step 3). At the end of this process, the
photoresist forms a thin layer of 1.5µm thickness. The quartz wafer is then
baked at 110 °C for 50 sec on a hot plate and mounted on a mask aligner.

The most widely used photolithographic technique is contact printing. In
this technique, a pattern on a glass plate in thin-film chromium (an ultraviolet
attenuator) is held in contact with the photoresist film on the substrate. The
glass plate with its pattern is called photomask. Before the exposure, the pho-
tomask is dipped for 15min in a mask holder containing acetone: in this way
dust particles are removed. In order to reduce possible diffractions, the pho-
tomask is placed in vacuum contact with the wafer (step 4). During the first
exposure, the amount of energy per unit area is 40mJ/cm2 (step 5). The quartz
wafer is baked at 120 °C for 120 sec and is mounted again on the mask aligner.
The wafer undergoes a flood exposure with an intensity of 200mJ/cm2 (step 6).
Then, the wafer is dipped in a beaker with a developer (AZ726MIF) for 150 sec
(from step 7 to step 8) and dipped again in deionised water for 60 sec. A 100 nm
aluminium layer is deposited by means of an evaporator. The last step is the
“lift-off”: All the exposed polymer is removed and a thin layer of aluminium is
left in relief on the substrate surface. In order to do so, the wafer is immersed
in dimethyl sulfoxide at 80 °C for 20min. During this period of time, the wafer
is continuously moved up and down with a pair of tweezers to facilitate the lift
off. The wafer is then placed in an ultrasound bath for 10 sec: in this way all the
tiny bits of aluminium are removed from the final pattern. Finally, all structures
are diced into 5⇥ 10mm2 chips, each containing an individual 2-port resonator
or two 1-port resonators. Altogether, more than 50 SAW resonators covering a
wide range of different parameters and coupling strengths have been produced.
Twelve of these devices were carefully characterized at microwave frequencies.
Fig. 3.1b shows optical microscope images of the final SAW resonator.

Devices were glued into an aluminium sample holder using PVA glue. They
were connected to the electrical ports of the sample holder using aluminium
wedge bonding. The sample holder consisted of two parts: a base and its lid
(Fig. 3.2b). The base contained slots for five samples, as well as a copper
circuit board to which the samples were bonded. The circuit board consisted
essentially of five pairs of transmission lines, connected to SMP connectors. The
lid of the sample holder, secured to the base by screws, contained ten holes for
the SMP connectors. I have designed the base and the lid with Inventor (a
3D mecahincal CAD design software) and I machined and drilled them from a
single block of aluminium in a workshop to obtain the final sample holder.
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Figure 3.1: a) Photolithographic procedure: few drops of photoresist are poured
on the wafer (1). The susbtrate is then spinned and a thin layer of photoresist is
formed (3). Once baked at 110°C, the wafer is mounted on a mask aligner (4) and
exposed to ultraviolet light (5). It is baked again at 120°C and then it undergoes
a flood exposure (6). A development step removes the exposed polymer (from
(7) to (8)). The substrate is patterned by depositing a thin aluminium layer
(9). The final step, the “lift off”, removes any trace of photoresist. All the
exposed polymer is removed and a thin layer of aluminium is left in relief on
the substrate surface (10). b) A microscope image of the final resonator (device
p1).
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Figure 3.2: a) Dilution refrigerator, b) sample holder and devices mounted on
it and c) sample holder connected to the 10mK plate by a copper slab.
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3.2 Setup

Devices, once mounted and bonded into the sample holder, were measured using
a two-port vector network analyser2 (VNA). A network analyser measures the
S-matrix of an electrical system as a function of frequency (up to 50GHz in
this case), as follows: a signal generator is swept across the desired frequency
range and at each frequency the signal is routed to the two ports of the test
network. For a given input port, a received signal is measured in both reflec-
tion and transmission, so the four elements of the S-matrix are measured at
each frequency. A vector network analyser records phase as well as amplitude
information, so that it measures the complex-valued S-matrix. In the first set
of measurements, only 1-port resonators were connected to the VNA and thus
only the reflection coefficient S11 was meaningful.

An important issue was the measurement bandwidth. The VNA sends the
input signal and receives the output signal at different rates: 10Hz, 100Hz or
1000Hz. We noticed that measurements with bandwidths of 1000Hz and 100Hz
were different: peaks measured with higher bandwidths were less dip. This is
simply explained by the fact that the signal speed travelling along the cable
is faster than the sound velocity in the mechanical resonator. The resonators
takes a bit of time to reach their equilibrium state. Therefore, high measurement
rates do not give sufficient time to the resonators to reach their working regime.
Therefore, we decided to perform our measurements with a bandwidth of 10�
100Hz, which was enough long to record the complete response of the devices.

For room temperature measurements, the sample holder was connected to
the VNA by a pair of short SMA cables. For measurements at 10mK, the holder
was placed inside a dilution refrigerator3 (Fig. 3.2a). In this case the sample
holder was connected to the network analyser by a set of attenuators internal to
the dilution fridge. The purpose of the attenuators was to reduce the amount
of thermal noise in the cables and to thermally anchor the inner conductor of
the transmission lines.

2Rohde&Shwarz, model ZVA-50
3Oxford Instruments, model Triton 200
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Measurements & results

4.1 1-port resonators with 6µm features

In the first set of measurements, six 1-port resonators have been investigated.
They were designed with the same pitch; their specific geometric parameters
are listed in Table 4.1. In this first set, we decided to keep all the parameters
fixed and change only the number of electrodes in the transducer, N

T

. It has
been predicted that the coupling coefficient of a delay line to a superconducting
qubit, such as a transmon, increases linearly with N

T

[Gustaffson12]. Thus, it
is important to characterize 1-port resonators response for several values of N

T

,
before considering the coupling of these mechanical resonators to a transmon.

4.1.1 Room temperature measurements

Before cooling our samples to 9mK, we have measured our devices at T = 280K.
An example of the reflection coefficient for device p3 is shown in Fig. 4.1. The
dip frequency is f = 523.205MHz and the internal and external quality factors
are Q0 = 5894 and Q

e

= 84866 for device p3. Only one dip is visible, as

device type �0(µm) W d

s

(µm) d(µm) N

g

N

t

p1 1-port 6 150�0 27.75 64 600 3
p2 1-port 6 150�0 27.75 88 600 11
p3 1-port 6 150�0 27.75 148 600 31
p4 1-port 6 150�0 27.75 268 600 71
p5 1-port 6 150�0 27.75 358 600 101
p6 1-port 6 150�0 27.75 418 600 121

Table 4.1: Geometric paratemeters of the first six 1-port resonators with �0 =
6µm. All devices have single electrode transducers and same wavelength. The
only difference is the number of electrodes in the transducers.

42
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Figure 4.1: Magnitude, phase and polar plot of the reflection coefficient S11 for
device p3 (left column, blue dots) and same graphs with proper corrections due
to the setup (right column, blue dots). The fit function Eq. 2.71 was used to fit
the correct data (left column, red line). These measurements were performed
at 280K.

we would expect from our theoretical model. The other devices have internal
quality factors in the range of Q0 = 2000 � 7000. The effective sound velocity
is simply given by v

e

= �0f = 6µm · 523.205MHz = 3139.23m/s. We can
compute the coupling strength:

4v

v

=
v

f

� v

e

v

f

=
3159� 3139.23

3159
= 0.006.

This value is greater than the one given in the literature (4v/v = 0.0006 at
T = 293.15K), simply because we performed these measurements at T = 280K.
At this temperature, there is a frequency shift and the working frequency is lower
than the nominal one [Lam10].
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N

T

f0 [MHz] Q0 Q

e

p1 3 522.697 27101 1.15 · 107
p2 11 522.799 66876 1.76 · 106
p3 31 522.449 61061 116098
p4 71 522.365 59254 49243
p5 101 522.504 45461 40237
p6 121 522.447 - -

Table 4.2: Internal and external quality factors.

4.1.2 9mK measurements

We tested the same devices at 9mK. As an example, portions of S11 spectrum
for the resonators with N

T

= 11 (device p3) and N

T

= 31 (device p4) are plotted
in Fig. 4.2. More than one resonance appears. These multiple resonances are
not visible at room temperature: these dips are mainly due to transverse modes
and further investigations are needed (see [Hashimoto00], Chapter 5). On the
other hand, our fit function models only one resonance; as we will see in the
next paragraph, this is enough to fit the fundamental resonance.

As explained in Section 2.8, the baseline was substracted to the raw data. In
addition, only the main resonance was selected and fitted using Eq. (2.71). The
final plots with the corresponding fit function are shown in Fig. 4.3. For all six
devices Q0 and Q

e

have been computed as best-fit parameters. The two quality
factors for each device are listed in Table 4.2. The quality factors of device p6 are
not reported, because the response of this resonator shows multiple resonances
one close to the other and it was not possible to reliably fit any of them. Table 4.2
shows that the value of the internal quality factor is approximately Q0 ⇡ 60000
for 11 < N

T

< 71. Device p1 has a quality factor lower than the others; this
could be due to the extremely low coupling for transduction: three electrodes
are not sufficient to convert all the electrical signal into mechanical oscillations
(otherwise, it could be explained by fabrication defects). We can also notice
that the external quality factor Q

e

decreases as N

T

increases. This happens
because the real part of the admittance of a 1-port SAW resonator Eq (2.47) is
proportional to N

2
T

. As N
T

increases, the real part of the resonator admittance
become closer to the one of the external feed line Y0 = 1/50⌦�1. For N

T

= 71,
the feed line is approximately matched to the resonator and the external and
internal quality factors have similar values (device p4).

We can now estimate the reflectivity of each electrode in the gratings. Fig.
4.4 shows the raw data acquired for device p5. Several modes are visible with
different frequencies: f

a

= 518.4MHz, f

b

= 519.05MHz, f

c

= 519.72MHz,
f

d

= 520.45MHz and f

e

= 521.205MHz. The frequency spacing of the ripples
is �f

ripples

= 0.701± 0.04MHz. Using the simple equation

�f =
v

e

2L
c

(4.1)

we can easily compute the effective length of the cavity; in this equation v

e
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Figure 4.2: Magnitude, phase and polar plot of the reflection coefficient S11

for devices p2 (left column) and p3 (right column). These measurements were
performed at 9mK.
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Figure 4.3: Magnitude, phase and polar plot of the reflection coefficient S11

with proper corrections due to the setup (blue dots) and fit function, Eq. 4.4
(red line). The left column refers to device p2 and the right column to p3. The
quality factors from the fit are Q0 = 66876, Q

e

= 1.76 · 106 and Q0 = 61061,
Q

e

= 116098 respectively.
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Figure 4.4: Absolute value of the reclection coefficient |S11| for device p5 at
room temperature.

stands for effective velocity and is the one computed multiplying the nominal
wavelength (�0 = 6µm) by the resonance frequency. In this case, the value of
the cavity length is L

c

= 2.246mm. This resonator was manufactured with a
nominal length of L

x

= 2L
G

+ d = 3.955mm; therefore, L
c

. L

x

as we would
expect. This agreement confirms that the ripples are indeed due to other modes
in the cavity. Only devices p5 and p6 show these modes: their cavity length is
longer than the one of devices p1-p4 and thus more than one cavity mode can
be excited within the reflectivity window of the mirrors (see Fig. 2.11).

From the value of the cavity length, we can compute the penetration depth
of the surface acoustic waves inside the gratings:

L

p

=
L

c

� d

2
= 0.944mm.

The efficient reflection occurs approximately 1mm inside the grating, i.e. ap-
proximately after 2L

p

/�0 ⇠ 310 strips. We can now compute the value of |r
s

|.
To this end, we cannot simply rearrange Eq. (2.38), because in this case we
are not working in the limit |r

s

|N
G

� 1. Assuming that the quality factor we
obtain is mainly due to the finite grating reflectivity, we can rearrange equation
(2.55) and write:

|r
s

| = 1

N

G

tanh�1

✓
1� ⇡f0LC

2vQ
r

◆

where we used Eq (2.33). Substituting the values f0 = 522.504MHz, L
c

⇠ 1mm,
v

e

= 3135m/s and assuming that Q

r

is in the range 70000 < Q

r

< 200000 we
have |r

s

| = 0.51± 0.05%. We can compare this estimate with the one predicted
by our theoretical model, Eq. (2.39). Since h = 100 nm, we obtain |r

s

| =
4 · 10�4 + 0.5h/�0 = 0.87%. We can conclude that the measured reflectivity
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Figure 4.5: Second harmonic of device p7.

is lower than the one predicted by the model: the imperfections during the
fabrication could be responsible for this.

We can also explore the second harmonic of these 1-port resonators. First
of all, devices p1 and p2 did not show any second harmonic (even the response
at the fundamental frequency f0 showed just a small dip; in fact for these two
devices Q

e

� Q0 and therefore the dip was much more flattened). Nevertheless,
devices p3-p6 showed a defined valley at f

meas

2nd = 956.68MHz as shown in Fig.
4.4 (The second harmonic is centered at a frequency f

meas

2nd lower than 2f0 simply
because the sound velocity decreases with increasing frequency). From the fit
of this harmonic, we have Q0 ⇠ 1000. The internal quality factor is one order
of magnitude lower than the one at the fundamental frequency. In circuit-QED,
quality factors in the range of 105 � 106 are needed for proper applications:
this means that the second harmonic cannot be used for such applications. If
the quality factor of the second harmonic also reaches this range, then this
would lead to the fabrication of SAW resonators with fundamental frequency
f0 = 2GHz and f2nd ⇡ 4GHz and thus the second harmonic could be exploited
for the coupling of the resonator to superconducting circuits, which usually have
a working frequency of 3� 10GHz.

4.2 1-port resonators with 8µm features

In the second set of measurements, we investigated a set of six 1-port res-
onators. Also in this case, we kept all the parameters fixed apart from the
number of electrodes in the IDT. Table 4.1 lists the geometric parameters of
the resonators. The measurements have been performed at 10mK and at room
temperature.

The typical spectrum obtained with the VNA is shown in Fig. 4.1 for device
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device � [µm] W d

s

[µm] d [µm] N

g

N

t

p7 8 150� 37 85.4 450 3
p8 8 150� 37 117.4 450 11
p9 8 150� 37 197.4 450 31
p10 8 150� 37 357.4 450 71
p11 8 150� 37 477.4 450 101
p12 8 150� 37 557.4 450 121

Table 4.3: Parameters for the second set of devices with � = 8µm. The number
of electrodes in the gratings was fixed to N

g

= 450; this value should guarantee a
good reflection from the two gratings. The length of the fingers W is reasonably
high, in order to reduce possible diffraction losses.

N

T

f0 [MHz] Q0 Q

e

p7 3 392.366 8002 8.5 · 106
p8 11 392.341 11977 706183
p9 31 392.333 19098 128912
p10 71 392.357 19507 35309
p11 101 392.304 12853 21361
p12 121 392.294 10697 13861

Table 4.4: Internal and external quality factors for devices p7-p12.

p9.
Following the same procedure explained in the previous section, the raw data

were fitted with Eq (2.71). The results of the fit are listed in Table 4.4.
Devices exhibit a maximum internal quality factor of Q0 ⇠ 12000 � 19000

in the range 10 < N

T

< 101. Accordingly, Q0 is smaller than the one obtained
for devices p1-p6. The reason is that the value of N

G

between the two sets
of resonators is reduced from N

G

= 600 for devices p1-p6 to N

G

= 450 for
devices p7-p12. This means that 450 fingers in the gratings are not sufficient
to completely reflect the mechanical vibrations produced by the IDT: in this
set of measurements the internal quality factor is limited by the finite grating
reflectivity. The reason why we could not fabricate more than 450 strips was
simply because these devices wavelength was longer and there was not enough
room in the 5⇥ 10mm2 chip.

4.3 Effective velocity

The SAW effective velocity in the vicinity of the transducer can be found
straightforwardly: the resonant wavelength is determined by the geometry of
the transducer and so a measurement of the resonant frequency will tell us
the effective wavespeed v

e

= �f under the transducer itself. The dependence
of the effective velocity with respect to N

T

is plotted in Fig. 4.7 for devices
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Figure 4.6: Resonator p9 with �0 = 8µm and T = 10mK. Left column: raw
data from the VNA. Right column: baseline-substracted data (blue dots) with
the fit function (red line). Both columns show magnitude, phase and polar plots
of the reflection coefficient S11. The magnitude plot shows a dip close to the
main frequency f0, while the phase plot shows a 180° shift near resonance.
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Figure 4.7: Dependence of the effective wave velocity v

e

with respect to N

T

at
9mK for devices p1-p6 (red diamonds) and p7-p12 (blue circles). In both case
the effective velocity decreases with increasing number of electrodes in the IDT.

p1-p12 at 9mK. It can be noticed that as the number of electrodes in the
IDT increases, the effective velocity decreases. This is due to the fact that the
electrical loading is more significant for longer transducers. The mean effective
velocity is v

e

= 3135.26m/s for devices p1-p6 (with wavelength �0 = 6µm) and
v

e

= 3138.67m/s for devices p7-p12 (with wavelength �0 = 8µm). It seems
that for longer wavelengths the effective velocity is slower.

We can finally calculate the coupling strength for these resonators at 9mK.
Assuming that the value of the effective velocity is similar to the one of the
metallized velocity v

m

, from equation (2.1) it follows that:

�v/v = (3159� 3135.26)/3159 = 0.0075, for devices p1-p6
�v/v = (3159� 3138.67)/3159 = 0.0064, for devices p7-p12. (4.2)

The coupling strength at 9mK is ten times greater than the value found in
literature �v/v = 0.0006 at room temperature [Morgan07]. It should be pointed
out that the results in Eq. (4.2) are calculated assuming that the free velocity
v

f

at 9mK is the same as the one at room temperature. In the literature, we
could find no measurement of the free velocity in ST -X quartz measured at T <

1K. Further measurements are needed to better understand SAWs velocities
at such low temperatures. The effective velocity of the second harmonic is
v

2nd

e

= 2860m/s, significantly lower than the one measured for the fundamental
resonance.
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device �(µm) W d

s

(µm) N

g

N

t

t1 8 150� 9 100 51
t2 8 150� 9 200 51
t3 8 150� 9 300 51
t4 8 150� 9 430 51

Table 4.5: Geometric parameters of the four 2-port resonators.

4.4 2-port resonators

We have also characterized four 2-port resonators have been measured at
room temperature. For these devices, the main parameter under investigation
was the number of electrodes in each grating, N

G

. All other parameters were
kept fixed, as listed in Table 4.5.

The transmission coefficient S12 of the four 2-port resonators is shown in Fig.
4.8. We performed these measurements only at room temperature. The spectra
show two resonances, whose peaks become narrower from device t1 to device
t4. In other words, the loaded quality factors increases as N

G

increases, i.e. as
the reflection from the gratings become more efficient. We cannot fit these data
with our model, since 2-port resonators do not have a simple equivalent circuit
similar to a RLC circuit. Nevertheless, we can extract other useful information
from the data. The effective velocity for these devices is slightly higher than
the one computed for devices p1-p12. In this case, the mean effective velocity
is v̄

e

= 3143.76m/s and the coupling coefficient is equal to

�v/v = 0.0048,

again larger then the one reported in the literature.
We can compare the coupling strength at room temperature and at 9mK, Eq.

(4.2). We can notice that its value increases at lower temperatures: �v/v|300K�
�v/v|9K = 2 · 10�3. This is mainly due to the crystal properties of quartz at
such low temperatures. We could also measure the second harmonic at f2nd =
641MHz and we can calculate the correspondent effective velocity with the
simple relation v

e

= �0f2nd/2 = 2564.6m/s. Also in this case the sound velocity
decreases for higher harmonics.

The spectra of these 2-port resonators clearly show two defined peaks. In
device t4, their frequencies difference is �f = 1.16MHz. This correspond to
a cavity length of L

C

= v

e

/2�f = 1357.2µm. Since the distance between
the two gratings was d = 742.32µm, the penetration depth is L

P

= (L
C

�
d)/2 = 307.4µm. Rearranging Eq. 2.38, we have |r

s

| = �0/4LP

= 0.65%. The
measured value of |r

s

| is lower than the one predicted by the theoretical model,
|r

s

|
th

= 0.87%. This could be explained by the fact that the actual metallic
layer thickness was slightly lower than the nominal one. Morevore, defects and
imperfections in the fabrication procedure could also be responsible for this
deviation.
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Figure 4.8: Absolute value of the two port resonators transmission coefficient
|S12| for device t4 at room temperature.



Chapter 5

Conclusions and outlook

This thesis describes preliminary work for the application of surface acous-
tic resonators as quantum devices. In summary, I have designed and fabri-
cated 1-port and 2-port resonators over a wide range of resonance frequencies
(100�700MHz) and geometric parameters. I accurately measured twelve 1-port
resonators and I demonstrated that their internal quality factors can reach val-
ues of Q0 ⇡ 60000 at T = 10mK. I have also shown that the effective acoustic
wave velocity decreases as the number of electrodes in the IDT increases. This
is probably due to the electrical loading.

The equivalent circuit of 1-port resonators has been approximated to a RLC
series circuit. The admittance of a simple RLC series circuit has been used to fit
S11 (f) with analystic expressions. Data near resonace fit well our model when
the number of electrodes in the IDT is in the range 3 < N

T

< 71. However, the
response of most of our devices show more than one dip at very low temper-
atures. This phenomenon needs further investigation. Moreover, devices with
many electrodes in the IDT can resonate at more than one mode. This is due to
the length of the cavity, which allows other modes to settle inside the resonator
and be reflected by the mirrors.

The future development of this project is to further understand the loss
mechanisms and increase the working frequency of these mechanical resonators
above 2GHz. To this end, electron beam lithography has to be considered for
the fabrication of the metallic layer. Once internal quality factors in the region
Q0 t 105 at 3 � 7GHz will be obtained, the following step will be to couple a
1-port resonator to a superconducting qubit, such as a Transmon. The coupling
of SAW to a superconducting qubit is particularly interesting, since this could
allow the production of non-classical acoustic phononic states and these would
be more accessible to study due to their lower speed and stronger coupling to
matter than usual photonic states.
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rocambolesco, il nostro rapporto è decollato! La tua vicinanza mi ha suppor-
tato concretamente nei momenti più ardui ed ora penso a te come a un dono.
E’ vero, la lontananza non è sempre facile, ma tornassi indietro farei la stessa
scelta.

Un aiuto concreto è stato anche cambiare casa ed andare ad abitare con
Roberto e Riccardo. In questo modo anche la “casa straniera” assumeva conno-
tati più accoglienti. Non posso non ringraziare i miei segretari di fiducia, Dott.
Alberto Annoni ed il futuro (a meno di eventi eccezionali) Dott. Giovanni Sa-
vorana. Senza di loro questa tesi non sarebbe mai stata consegnata! Mi sento
in dovere di ringraziare il mio relatore interno, Prof. Nicola Manini, per avermi
aiutato nella correzione della tesi e nella preparazione della discussione finale.
Ringrazio la Lallina, l’Alberto e la nonna Tere per i giorni passati assieme nella
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presenti alla mia laurea e tutti quelli che sarebbero voluti venire ma che non
hanno potuto. Ed ora il cammino prosegue, sicuro che il meglio debba ancora
venire.
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