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Abstract

Thin-film bulk acoustic wave resonators serve as an alternative to current dilelectric acoustic

wave resonators for use in telecommunications [LAGG+11]. Because it has high resonance

frequency, the current research focuses on using FBAR for sensing purposes[ZC12]. It has

many advantages such as small size, IC compatibility, which makes it possible to integrate

on a chip.

The FBAR has two modes for resonating: thickness extensional(TE) and thickness shear(TS).

Studying these two modes is the main theme of this thesis. This thesis at first introduces

the basic theory of the piezoelectric resonators and then discusses a handy equivalent circuit

of the resonator called Butterworth van dyke Model.

It then dives into Finite Element Analysis of a simple geometry of both Thickness Exten-

sional and Thickness Shear Modes of an FBAR and discusses the results that come out

of it. Under the section of experimental results various recipes for depositing Aluminum

Nitride are discussed and what results come out from the characterization measurements of

the deposited films are discussed.
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Chapter 1

Introductory Theory

1.1 Resonator Theory

The following section discusses the introductory part of the theory behind the piezoelectric

resonators. It delves into the topic by discussing the propagation of waves in the non-

piezoelectric slab and then modifies that solution by introducing the effects of piezoelectricity

to the slab. After a certain discussion on the topic, further results are directly cited from the

references mentioned. Both the thickness excitation and lateral field excitation are discussed

in the following sections. This discussion is based on [Che17],[Ros88],[RD99] and [Tir10].

1.1.1 One-dimensional Equation of Motion

When an external force is applied to a deformable object, the internal structure experiences

many stresses, leading to deformations called strains. Due to these internal forces, particles

undergo displacement, and this leads to the definition of strain.

S =
∂u

∂z
(1.1)

where u is particle displacement. Also the Hooke’s Law gives us a relation between the

stress and strain:

T = cS (1.2)

where c is Stiffness Constant. Consider a small volume dv, the relation between the applied

force and the stress is given by:

dF =
∂T

∂z
dzdA

Force acting on this small volume can be written as:

dF = dm
∂2u

∂t2
=⇒ dF = ρdzdA

∂2u

∂t2

1



where ρ is density of the solid. By equating these both equations:

∂T

∂z
= ρ

∂2u

∂t2
(1.3)

By using equations 1.1,1.2,1.3 and doing some rearrangements, we get the wave equation in

terms of the mechanical displacement u:

∂2u

∂z2
=
ρ

c

∂2u

∂t2
(1.4)

where va =
√

c
ρ is the phase velocity of the mechanical wave.

1.1.2 Solution of One Dimensional Wave Equation in Non-Piezoelectric

Slab

Consider the wave equation applied to a non-piezoelectric slab which has infinite lateral

dimensions(Fig:1.1a) and of lossless, isotropic and free-charge medium. Two mechanical

waves propagate through the medium, the incident and reflected(Fig:1.1b). The solution of

(a) Slab with infinite lateral dimesnions (b) Incident and reflected waves

Figure 1.1: Propagation of waves in one-dimension

the mechanical wave can be written as(in phasor notation):

u(z) = A+e−jkz +A−e+jkz (1.5)

where A+ is the amplitude of the progressive wave and A− is the amplitude of the regressive

wave. The term k = ω/va is the wave number, where ω is the angular frequency. At the

2



slab limits, z1 and z2, the particle velocity can be written as:

v1 = jω
(
A+e−jkz1 +A−e+jkz1

)
v2 = jω

(
A+e−jkz2 +A−e+jkz2

) (1.6)

After some rearrangements, the amplitudes can be written as:

jωA+ =
v1e

jkz2 − v2ejkz1
2j sin (kdp)

jωA− =
v2e
−jkz1 − v1e−jkz2
2j sin (kdp)

(1.7)

The acoustic impedance of mechanical wave can be defined as Z = −T/vp, where vp is the

particle velocity and minus sign is because T and vp are 180o out of phase. For a plane wave

solution Z = ρva, so:

T = −Zvp = −ρvavp = −cvp
k

ω

In terms of applied force, F = −AT ,

F =
Ackvp
ω

(1.8)

Also the Hooke’s Law can be rewritten as:

T = c
∂u

∂z
=⇒ F = jAck

(
A+e−jkz −A−ejkz

)
(1.9)

By substituting 1.7 in 1.9, the solution of the mechanical wave in a non-piezoelectric slab

as a function of applied force F , the particle velocity vp and the acoustic impedance Z is:

F1 =
Z

j sin (kdp)
(v1 − v2) + jZ tan

(
kdp
2

)
v1

F2 =
Z

j sin (kdp)
(v1 − v2)− jZ tan

(
kdp
2

)
v2

(1.10)

These set of equations give a way of giving a simple circuit representation. The applied

force F can be related to the voltage V and the particle velocity v to the current intensity I.

The circuit model can be found in Fig:1.2. It may be related with the classical distributed

T-impedance equivalent network for transmission line.[Poz09]

3



Figure 1.2: T-impedance equivalent circuit for an acoustical non-piezoelectric transmission

1.1.3 Solution of the One-Dimensional Mechanical Wave in a Piezoelectric

Slab

Piezoelectricity

Piezoelectricity is the property of certain materials which deform when an electric field is

applied(inverse piezoelectric effect) and alternatively, it undergoes electrical displacement

when an exteral stress is applied to the material(direct piezoelectric effect).

D = d ∗ T (Direct)

S = d ∗ E (Indirect)

where D: Electric Displacement, T: Stress, S: Strain, E: Electric Field, d: piezoelectric con-

stant

Since piezoelectric matrials are anisotropic, their physical constant sucha as elasticity, per-

mittivity are tensor quantities, so we define a reference system of coordinates.(See Fig:1.3)

Figure 1.3: Axes Convention and directions of deformation

4



Cartesian coordinates are referred as: X-1, Y-2, Z-3, and deformation about the axis are

referred as 4,5,6 respectively. The constants are generally described by two subscripts. The

first subscript refers to the axis of excitation and the second one to that of actuation.

Another thing to note is that, because the velocity of electro-magnetic waves are five orders

of magnitude greater than that of acoustic waves, the quasi-electrostatic approximation is

valid to describe the waves travelling in piezoelectric materials. The two matrix equations

that couples both elastic and electric variables of the material are given then as(involving

piezoelectirc constants):

T6×1 = cE6×6 · S6×1 − e6×3 · E3×1 (1.11a)

D3×1 = e3×6 · S6×1 − εS3×3 · E3×1 (1.11b)

This is known as the stress-charge form of the piezoelectric equations, where T is the

stress matrix, S is the strain matrix describing the deformation of the crystal, c is the

stiffness matrix, e is the piezoelectric constant matrix, E is the electric field applied to the

resonator, D is the electric density displacement matrix, and ε is the permittivity matrix

of the piezoelectric material. The super-script indicates that they are evaluated at constant

electric field and constant strain respectively. There is an alternative strain-charge from of

the above equation.

S6×1 = sE6×6 · T6×1 + d6×3 · E3×1 (1.12a)

D3×1 = d3×6 · T6×1 + εT3×3 · E3×1 (1.12b)

where s is the compliance matrix and d is piezoelectric constant.

A more in depth anaysis of piezzoelectric crystals suggest due to the mechanical perturba-

tions, the electromagnetic wave equations are modified and this analysis can be summarized

as a correction to the stiffness constant, specifically c33, stiffness in the thickness direction.

It is:

c′33 = c33 +
e233
εr33

(1.13)

And this modiefies the phase velocity as:

v′a =

√
c′E33
ρ

=

√√√√cE33 +
e233
εr33

ρ
(1.14)
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Propagation of the acoustic wave through piezoelectric slab

In the piezoelectric slab, the correction terms must be applied to the mechanical parameters,

so the Hooke’s Law is rewritten as:

T = cE
∂u

∂z
− eE (1.15)

To analyze the piezoelectric slab, see Fig:1.4. The slab is excited by an electric field. For

thickness excitation due to absence of any free charge, the electric displacement ~D remains

constant, so we have:

∇ · ~D = ρe = 0 (1.16)

For this slab, the displacement current density is,JD is:

Figure 1.4: Thickness excitation of piezoelectric slab

JD =
∂D

∂t
= jωD ⇒ I = jωDA (1.17)

In order to obtain voltage, electric field is required and then integrated. For one-dimesional

case, from 1.1 and 1.11

E =
D

εS
− e

εS
∂u

∂z
(1.18)

Here first term is due to external electric field and second term is the electric field generated

due to mechanical disturbances. To get voltage V , the electric field is integrated across the

thickness:

V =

∫ z2

z1

Edz =
Ddp
εS
− e

εS
(u (z1)− u (z2)) (1.19)

Using 1.6 in 1.19

V =
dp
εS

I

jωA
− h

jω
(v1 − v2) , h =

e

εS
(1.20)
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By rearranging,

I = jωC0V + hC0 (v1 − v2) , C0 =
εSA

dp
(1.21)

where C0 is the static capacitance given by the electrodes of the piezoelectric slab. There

are two terms for the current in the setup, one due to the displacement field and another

due to conversion of mechanical energy to electrical energy i.e piezoelectric effect. Also at

the left boundary, due to piezoelectric effect, external force can be modfied as:

F1 = TA = cDSA− eD

εS
A (1.22)

Substituting 1.17 here and also applying the same modification at the other boundary,

equations 1.10 can be rewritten as:

F1 =
Z

j sin (kdp)
(v1 − v2) + jZ tan

(
kdp
2

)
v1 +

h

jω
I

F2 =
Z

j sin (kdp)
(v1 − v2)− jZ tan

(
kdp
2

)
v2 +

h

jω
I

(1.23)

Fig 1.5shows the equivalent Mason model, an equivalent electrical circuit.(Note that there is

Figure 1.5: Equivalent Mason Model of Thickness Excitation in Piezoelectric Slab

7



a nonphysical element of negative capacitor.) The transformer is modelling the conversion

of mechanical energy to electrical energy and vice-versa. As discussed in Chapter 5 and

Chapter 10 [Ros88] from further analysis it can be found:

Zin =
1

jωC0

(
1− k2t

tan (kdp/2)

kdp/2

)
(1.24)

where,

C0 =
εSA

d
k2t =

e2

εScD
(1.25)

Note that this is under the assumption that the metal electrodes are infintesimally small and

there is no medium around the piezoelectric slab. Here Zin is the input electrical impedance,

k2t is the electromechanical coupling coefficient and dp is the thickness of the slab. Here two

different resonances can be identified, resonance frequency that occur when Zin = 0 and

antiresonance when Zin is infinite.

For antiresonance frequency,

Zin →∞⇒ tan (kdp/2) =∞ ⇒ kdp
2

=
Nπ

2
⇒ ωa =

vpNπ

2dp
N = 1, 3, 5....

(1.26)

And at resonance frequency,

Zin → 0⇒ k2t
tan (kdp/2)

kdp/2
= 1

As shown in Chapter 10 of [Ros88], at N th pole, tangent function can be approximated as:

tan

(
θ

2

)
≈ 4θ

(Nπ)2 − θ2

By rearrangement, the condition for resonance turns out to be:

ωr =
va
dp

(
(Nπ)2 − 8k2t

)1/2
(1.27)

Rearranging expressions for ωaand ωr, the electromechanical coupling coefficient turns out

to be:

k2t ≈
π2

4

(
ωa − ωr
ωa

)
(1.28)

Lateral Field Excitation

For lateral field excitation, the equations are modified from the fact that electrical field ~E

and displacement current ~D is the independent variable. So the mechanical equation is:

F = cAS − eV A

t
(1.29)
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After analysis as shown in Chapter 10 of [Ros88], the input admittance is:

Yin = jωC0

(
1 +K2 tan(kd/2)

kd/2

)
(1.30)

where

C0 =
Wdεs

t′
(See Fig:1.6) K2 =

e2

εScE
(1.31)

At resonance frequency,

Yin →∞⇒ tan (kd/2) =∞ ⇒ kd

2
=
Nπ

2
⇒ ωa =

Nπvp
2d

(1.32)

Figure 1.6: Schematic for lateral field excitation

And by similar analysis in thickness excitation section, at antiresonance frequency,

Yin → 0⇒ K2 tan (kd/2)

kd/2
= 1 ⇒ ωa =

va
d

(
(Nπ)2 − 8K2

)1/2
(1.33)

By approximating by Taylor expansion,1.33, becomes

K2 ≈ π2

4

(
ωa − ωr
ωa

)
(1.34)

Also the force equation in this can be written as, where V is the independent variable.

F1 =
Z

j sin(kd)
(v1 − v2) + jZ tan

(
kd

2

)
v1 +

Ae

d
V (1.35)

So the equivalent circuit for this acoustoelectrical equation is(See Fig:1.7

9



Figure 1.7: Equivalent Mason Model of LFE in piezoelectric slab

Quality Factor

The piezoelectric resonators are characterized by two factors, the electromechanical coupling

coefficient and the Quality factor. It is defined as the ratio of energy stored to the energy

dissipated per wave cycle. It is the function of angular frequency(ω).

Q = (ω)
Energy stored

Energy dissipated per wave cycle
(1.36)

It is the measure of the relative loss of energy in the resonator such as electrical, mechan-

ical or acoustic. In ideal resonators since there is no energy loss, so Q is infinite but in

real resonators Q is finite. Usually the quality factor is extracted from the impedance(or

impedance) phase curve φ = tan−1
(
Im(Z)
Re(Z)

)
.[LKM93]

Qr =
fr
2

∣∣∣∣dφdf
∣∣∣∣
fr

(1.37)

10



Chapter 2

Butterworth Van-Dyke Model

2.1 Introduction

Since the resonators are used in circuits, so it becomes beneficial to have an equivalent

circuit model for the Bulk Acoustic Wave(BAW) resonator. One of the most simple ones

is Butterworth Van Dyke(BVD) model. This model is lumped-element electrical equiva-

lent circuit model that consists of an inductance(L1), capacitance(C1), and resistance(R1),

corresponding respectively to inertia, compliance, and damping of the mechanical system;

connected in series with a parallel capacitance(C0), which is due to the dielectric properties

of the piezoelectric crystal capacitively coupled between the electrodes(See Fig:2.1).

Figure 2.1: Butterworth Van Dyke Model

The representation is only useful only when the four parameters are constant and indepen-

dent of frequency and amplitude[MTW+88]. The parameters are independent of frequency

if the vibrator has no other mode near its resonance. The parameters vary widely between

vibrators of various types and can only be determined by the experiment.

11



Due to the elements L1 and C1, there is a series resonance frequency ωs and there is a par-

allel resonance frequency ωp, set by C0 in parallel with L1 and C1. All of these parameters

are determined through the experiments. The electrical losses due to the electrodes can be

modeled by an additional resistor of RS included at the input.(See Fig:2.2)

However, when the BVD model is analyzed for Thin Film Bulk Acoustic Resonator(FBAR),

there is a need to add an additional resistance(R0) in series with capacitance C0 to account

for dielectric loss tangent of piezo film and models most of the losses associated with the

parasitic lateral modes in FBAR[LBWR00](See Fig:2.2).

Figure 2.2: Modified Butterworth Van Dyke Model

2.2 Extraction of Parameters

For a resonator, following properties can be determined experimentally: Resonance frequency(ωs),

Anti-resonance frequency(ωp) and their respective Quality Factors(Qs and Qp) by the res-

onators impedance analysis.From [UGY14] and [UTNG17], impedance for an FBAR can be

written as:

Z(s) = Rs +
(1 + sτp)(s

2 + s ωs
Qs

+ ω2
s)

sC0(s2 + s
ωp

Qp
+ ω2

p)
(2.1)

where s = iω and

τp =
1

ω2
p − ω2

s

(
ωp
Qp
− ωs
Qs

)
For the circuit in Fig:2.2, its impedance can be written as:

Z(s) = Rs +

(
sLm + 1

sCm
+Rm

)(
1
sC0

+R0

)
(
sLm +Rm +R0 + 1

sCm
+ 1

sC0

) (2.2)

12



By rearranging (2.2) and comparing it to (2.1), we get:

ωs =
1√

LmCm
Qs =

Lmωs
Rm

ωp = ωs

(√
1 +

Cm
C0

)
Qp = Qs

ωp

ωs(
1 + R0

Rm

)
τp = R0C0

Since C0 is the capacitance of the resonator, it can be directly determined experimentally,

and in terms of characteristics of the resonator, the parameters of MBVD model can be

written as:

Cm = C0

[(
ωp
ωs

)2

− 1

]
Lm =

1

ω2
sCm

Rm =
ωsLm
Qs

R0 = Rm

(
ωs
ωp

Qs
Qp
− 1

)

13
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Chapter 3

Simulations and Discussions

Film Bulk Acoustic Resonators(FBARs) in both its Thickness Extensional(TE) and Thick-

ness Shear(TS) modes depend upon several parameters such as the thickness of the piezo-

electric film, the material, and thickness of electrodes and so on. And Finite Element

Analysis serves a very convenient method to analyze such dependencies. To analyze such

dependencies, COMSOL Multiphysics R©[COM] is used to simulate the FBARs. COMSOL

Multiphysics provides a module on MEMS[MEM] which provides studies on Piezoelectricity.

The following simulations are inspired from [Mul] and [MHES01],

Strategy for 2-D Simulation

This section outlines the general strategy to simulate a 2D FBAR via Finite Element Anal-

ysis in a software such as COMSOL Multiphysics R© (See Fig:3.1):

1. Structure of the geometry: Define the structure of the geometry and declare variables

such as piezoelectric film thickness that are being parameterized.

2. Assigning materials to geometry:Once the geometry is defined, the appropriate ma-

terials are assigned to different parts of the geometry. Values of intrinsic properties

such as elastic modulus, dielectric constant etc. are already stored in the materials.

3. Setting boundary conditions for both Electrostatics and Solid Mechanics: Fixed

constraint is applied to the appropriate edges of the geometry. The electrodes are

kept at Ground and Voltage Terminal respectively.

4. Applying Losses to the materials: Losses such as Mechanical Damping and dielectric

losses are defined for the appropriate material.

5. Meshing the geometry: Geometry of FBAR is meshed in such as way that the area

around piezoelectric film and electrodes is finely meshed and area around Silicon and

Silicon Nitride is coarsely meshed in comparison.
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6. Choosing the Study: The analysis is done by choosing the Frequency Domain Study

from the repository. Impedance curves are plotted and are then further analyzed.

3.1 Thickness Excitational Mode

In thickness excitational mode the major factors that effect the resonance frequencies and

their quality factors are thickness of the piezoelectric film, material of the electrodes and

the thickness of the electrodes. Each of these factors is simulated and the results discussed.

The general geometry employed in these simulations is shown in Fig:3.1

Figure 3.1: Schematic of TE FBAR

3.1.1 Dependence on Thickness of Piezoelectric Film

To measure the dependence of film thickness on resonance and anti-resonance frequencies,

frequency analysis is run for thickness ranging from 1µm to 3µm and the peaks are identified

for the first harmonics in both resonance and anti-resonance. From Fig3.2a it can been seen

that these frequencies are inversely proportional to the thickness of the film as the theory

predicts. As for the dependence of the parameters such as Quality factor(Fig:3.2b) and

Effective Electromechanical Coupling(Fig:3.2c) there is no visible dependence just on the

thickness of the piezoelectric film.

3.1.2 Dependence on Electrode Thickness

By keeping the thickness of the piezoelectric film to be around 1µm and the electrode mate-

rial to be Aluminum, frequency analysis is conducted for electrode thickness to be ranging
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(a) Dependence of Frequencies on Film Thickness
(b) Quality Factor vs Film Thickness

(c) Effective Electromechanical Coupling vs Film
Thickness

Figure 3.2: Parameters dependence on Film Thickness

from 0.2µm to 0.7µm. Resonance and anti-resonance frequencies are identified and then the

quality factor and effective electromechanical coefficient is calculated.

From Fig:3.3a it can seen that as the electrode thickness is increased, the resonance and

anti-resonance frequencies decrease[ICO+08]. But also in terms of quality factor and effec-

tive electromechanical coefficient there the trend also seems to be inversely proportional to

the electrode thickness(See Fig:3.3b, Fig:3.3c). This is experimentally verified in [LBMM01]

which suggested a technique in which they keep etching the electrode layer and kept making

the measurements.
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(a) Dependence of Resonance and Anti-resonance
Frequencies on Electrode Thickness

(b) Quality Factor vs Electrode Thickness

(c) Effective Electromechanical Coupling vs Elec-
trode Thickness

Figure 3.3: Parameters dependence on Electrode Thickness

3.2 Lateral Field Excitation

Lateral field excitation is one of the ways of producing thickness shear mode in the piezoelec-

tric film. The major factors that effect the resonance frequencies and their quality factors

are thickness of the piezoelectric film, seperation between the electrodes, and thickness of

the metal electrodes. Each of these factors is simulated and the results discussed. The

schematic of the geometry is shown in Fig:3.4.

3.2.1 Dependence on Electrode Seperation

Seperation between electrodes play a major role in effecting the quality of the peaks of

the resonance frequencies. From Fig:3.5 it can be seen that as the seperation between

the electrodes increases the peaks at resonance and antiresonance becomes more prominent.

This arises due the fact that, when the seperation between the electrodes is small, more part

18



Figure 3.4: Schematic of LFE FBAR

of the electric field in the piezoelectric material is not parallel to the the lateral dimension

of the film whereas when the seperation is large enough major part of the electric field

is in lateral dimension of the piezoelectric film[CWL+10].(See Fig:3.6a and 3.6b). The

experimental verifications and further discussions can be found in [CIO+12],[GRB+11]
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Figure 3.5: Frequency vs Admittance for different electrode seperation

(a) Electric field for D=20µm (b) Electric field for D=180µm

Figure 3.6: Electric field pattern for different electride seperation
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3.2.2 Dependence on Thickness of the Film

Film thickness has the same effect as seen in the case for thickness extensional mode. The

thickness of the film is varied from 1µm to 3µm and the trends in resonance and antireso-

nance frequencies are noticed.

(a) Thickness dependence of Charcteristic Fre-
quencies

(b) Thickness dependence of Quality factor

(c) Thickness dependence of Effective Electrome-
chanical Coefficient

Figure 3.7: Dependence of Parameters on Thickness
The resonance and antiresonance frequencies vary inversely to the thickness of the film,
whereas quality factor varies independently to the thickness of the film. Here effective
electromechanical coefficient varies directly proportional to the thickness of the film.
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Chapter 4

Experimental Results and

Discussions

Zinc Oxide and Aluminum Nitride are two very promising candidates for the piezoelectric

material used in FBAR. However, Aluminum Nitride is a better material due to its various

advantages such as high bulk acoustic wave velocity, moderate electromechanical coupling,

high electric resistivity, low dielectric loss, good chemical, and thermal stability and wide

band gap[CCCH07]. All these properties arise due to its structure.(See Fig:4.1)

(a) Hexagonal Structure of Aluminum Nitride
(b) Tetrahedral structure of 1 Al atom with 4 N

Figure 4.1: Structure of Aluminum Nitride

There are numerous methods for depositing Aluminum Nitride, but the most proficient

technique is RF Magnetron Sputtering. Several recipes are discussed in [IMY18], but due to

constraints, the recipes that were employed had room temperature as substrate temperature.
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4.1 Studying the deposition of Aluminum Nitride on Silicon

Substrate

The Sputtering Deposition apparatus available in the lab allows us to control the following

parameters: RF and DC Power, Pressure, Flow of Air(such as N2 and Ar). The thermostat,

which controlled the temperature of the substrate, is not working. So with varying the

parameters as mentioned earlier and varying the time for deposition, several samples were

prepared to study the effect of these parameters on the quality of the Aluminum Nitride thin

film deposited.The first set of samples were prepared with depositing Aluminum Nitride on

Silicon surface. The following range of parameters was set for these samples.

RF Power(W) Sputtering Pressure(mTorr) N2/Ar Ratio(%) Time(min)

60, 90, 120 4.9− 5.9 40, 50, 60, 80 10, 20, 30, 45, 60

Though many samples were prepared but were not analyzed with X-Ray Diffraction because

of its rare availability. But with the samples analyzed following observations were made:

4.1.1 X-Ray Diffraction Observations

Around three samples were analyzed where Aluminum Nitride thin films were deposited on

a Silicon substrate. Figure 4.2 demonstrates that there is no peak that corresponds to any

of the peak of Aluminum Nitride. Similar features were seen in the other two samples.

Sample 1 60W,20min, 50%,5.2mTorr

Sample 2 60W,20min, 60%,5.2mTorr

Sample 3 60W,20min, 80%,5.2mTorr

4.1.2 SEM

Scanning Electron Microscope was employed to measure the thickness of the Aluminum

Nitride thin film deposited on the substrate and also look at the grain structure of AlN

crystals. The samples were inserted in such a way that the cross-section of the thin film can

be looked. Before inserting the sample, the Silicon chip was cut, so a fine view of the crystals

was available. Figure4.3 shows that the Aluminum Nitride film has a columnar structure.

Moreover, from most of the samples, it was found that the thin film thickness deposited on

Silicon did not exceed 400nm.
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Figure 4.2: XRD Plot of Sample 1

4.2 Studying the deposition of Aluminum Nitride on Molyb-

denum layer

The layer of Molybdenum was deposited on Silicon chip of thickness 200nm via DC Sput-

tering. The parameters of the system were following:

DC Power(W) Sputtering Pressure(mTorr) Ar Flow Rate(sccm) Time(min)

40 10 20 20

A batch of such chips were prepared and Aluminum Nitride was deposited on these chips

by varying the the parameters.

RF Power(W) Sputtering Pressure(mTorr) N2/Ar Ratio(%) Time(min)

60 4.9− 5.9 40, 50, 60 10, 20, 30

Among these samples only few of them were analyzed with XRD.

4.2.1 X-Ray Diffraction Observation

Around two samples were analyzed where Aluminum Nitride thin film was deposited on a

Mo layer on the Silicon substrate. Fig:4.4 shows that XRD only identifies Molybdenum,

whereas Aluminum Nitride is still missing.

Sample 1 60W,20min, 10%,5.2mTorr

Sample 2 60W,20min, 20%,5.2mTorr

Since the deposited layer of Aluminum Nitride is supposedly very thin for XRD to identify.

However, since Molybdenum is a massive element, it was still identified despite its thickness

to be very low. Also, Aluminum Nitride might be deposited because the Molybdenum
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Figure 4.3: XRD Plot of Sample(60W, 10min, 50%.5.2mTorr)

layer is conducting. In contrast, Aluminum Nitride is an insulator, and after checking the

resistance, the chips were found to be an insulator.
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Figure 4.4: XRD of Sample 1
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Appendix A

Fabrication of Sample Holder

The following work is a side project in which I had to fabricate a sample holder for the

Dilution Refrigerator in Ultra-Low Temperature Physics Lab. The purpose of this sample

holder is to hold a minimum of three samples during a single cooldown of the refrigerator.

This holder is prepared using Photolithography. The design (see Fig:A.1) of the holder is

made using a CAD software called EagleCAD. The process is described below:

Figure A.1: Sample Holder Design

Materials required: Photoresist film, Copper Clad Board, Laminator, UV Exposure Box,

Sodium Carbonate(Developer), Ferric Chloride(Copper Etchant), Sodium Hydroxide(Photoresist

Remover)

Procedure

• Clean the Copper Clad Board with a scrub, so that there is a clean surface on top.(See

Fig:A.2a)

• Cut a piece of the photoresist film, remove the protective layer and place the film

carefully on the clad without touching the resist side of the film.(See Fig:A.2b)

• Using heat from the laminator resist is transferred on the clad.
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• Place the OHP sheet, on which the design is printed, on the clad and place it in the

UV Exposure Box for 5 minutes.

• Since the film is negative, when the resist is developed, the unexposed part will be

removed while the exposed part retains on the clad.

• Developer is prepared by 5mg of Na2CO3 in 100ml of water. Place the clad in this

developer and shake till the unexposed part is removed from the clad, leaving the

copper on that part exposed for etching.(See Fig:A.2c)

• Prepare the etchant solution of 0.4mg/ml solution of FeCl3 and place the clad in this

solution. The etchant removes copper from the exposed part.

• Prepare the resist remover solution with 0.07mg/ml solution of NaOH and place the

clad in this solution. This removes the resist from the rest of the clad. And now we

have the required sample holder.(See Fig:A.2d)

(a) Copper Clad (b) Photoresist film on clad

(c) Developed pattern (d) Sample Holder

Figure A.2: Process in Pictures
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