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ABSTRACT

Dhanapala, Yasas. M.S., Department of Physics, Wright State University, 2012

Dielectric Constant Measurement Using Atomic Force Microscopy System

A new technique to obtain local dielectric constant of thin films was developed
using atomic force microscopy system. This technique, in addition to other
characterization methods such as AFM imaging and X-Ray diffraction, was used to
study, as an example, dielectric constant of thin films of 0.3BiScO; - 0.7BaTiO;.
The thin films were fabricated by using pulsed laser deposition technique under
following temperature of the substrate: 650°C, 700°C and 750°C. At each
temperature, two different oxygen pressures were used in deposition chamber:
50 mTorr and 100 mTorr. Our goal was to find optimal growth conditions with
the highest dielectric constant and compare it with their structural properties. In
addition, our dielectric constant calculations were generalized to include a wider

range of film thicknesses.
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1 Introduction

Permittivity is a property which describes how much electrical charge a material
can store in a given volume or a measure of the material’s property of slowing
electromagnetic waves down. It controls also the value of a capacitor beyond its
physical dimensions. The units of permittivity are Farads/meter (F/m) and its value
denoted by gq is equal to 8.8542 x 10" F/m in free space. Materials have permittivity
Ematerial higher than gy and their dielectric properties are characterized by relative

permittivity or dielectric constant €, = €material/ €o-

The dielectric constant €, of a material under given conditions reflects the extent
to which it concentrates electrostatic lines of flux. In technical terms, it is the ratio of the
amount of electrical energy stored in a material by an applied voltage relative to that
stored in a free space. Likewise, it is also the ratio of the capacitance of a capacitor using
that material as a dielectric, compared to a similar capacitor that has a free space as its
dielectric. A material is classified as dielectric if it has the ability to store energy when an
external electric field is applied. If a DC voltage source is placed across a parallel plate
capacitor, more charge is stored when a dielectric material is between the plates than if
no material (a vacuum) is between the plates. The dielectric material increases the

storage capacity of the capacitor by neutralizing charges at the electrodes, which



ordinarily would contribute to the external field. The capacitance with the dielectric
material is related to the dielectric constant. If a DC voltage source V is placed across a
parallel plate capacitor, more charge is stored when a dielectric material is between the
plates than if no material (a vacuum) is between the plates. The capacitance of parallel

plate capacitor depicted in Figure 1.1 is expressed by

€ = Coe, = Erood)y, (1.1)

where C and Cy are capacitance with and without dielectric, €, is relative permittivity or
real dielectric constant, and A and t are the area of the capacitor plates and the distance

between them, respectively.

©

0 tI‘o':O‘ol'g
5

Figure 1.1. Parallel plate capacitor.

The dielectric material increases the storage capacity of the capacitor by neutralizing
charges at the electrodes, which ordinarily would contribute to the external field. From
the point of view of electromagnetic theory, permittivity describes the interaction of a

material with an electric field E and is a complex number (Equation 1.2):



Er = & — gy (1.2)
The real part of permittivity €', is a measure of how much energy from an electric field is
stored in a material. The imaginary part of permittivity €”, is called the loss factor and is
a measure of how dissipative or lossy a material is to an external electric field. The
imaginary part of permittivity €”, is always greater than zero and is usually much smaller
than €’. The loss vector includes the effects of both dielectric loss and conductivity (¢” .=
€” 4+ 0/weg for lossy material such as a metal). When complex permittivity is drawn as a
simple vector diagram (Figure 1.2), the real and imaginary components are 90° out of

phase.

8,» Er

|
|
|
|
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| '
1 Er
Figure 1.2. Loss tangent vector diagram.

The relative lossiness of a material is the ratio of the energy lost to the energy stored

(Equation 1.3).

(1.3)



where D and Q are dissipation and quality factor, respectively. A material may have
several dielectric mechanisms that contribute to its overall permittivity (Figure 1.3). A

dielectric
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Figure 1.3. Frequency response of dielectric mechanisms.

material has an arrangement of electric charge carriers that can be displaced by an
electric field. Dipole orientation or polarization together with ionic conduction
mechanism contributes to permittivity significantly in the range of frequency from DC to
microwave. Dipolar polarization appears when rearrangement of electrons in a
formation process of molecules may cause an imbalance in charge distribution creating
a permanent dipole moment. The electric field E will rotate the dipole due to presence

of torque t causing orientation polarization to occur (Figure 1.4).



Figure 1.4. Dipole rotation in electric field.

The friction accompanying the orientation of the dipole will contribute to the dielectric
losses. The dipole rotation causes a variation in both €', and €”,. Electronic polarization
occurs in neutral atoms when an electric field displaces the nucleus with respect to the
electrons that surround it. Atomic polarization occurs when adjacent positive and
negative ions stretch under an applied electric field. The electronic and atomic
mechanisms contribute only a small constant amount to €', and are almost lossless far
below resonance. A peak of maximum absorption in €”, appears at resonance frequency
and, finally, the contribution from these mechanisms disappears above the resonance.
In this study, we will concentrate only on the real part of the dielectric constant. The
imaginary part of the dielectric constant, or absorption, approaches zero when the
frequency of the external field reaches zero. Since the technique described in Chapter 4
occurs under a DC bias we can safely neglect it. Relative static permittivity of some

materials at room temperature under 1 kHz frequency is presented in Table 1.1.



Material €,

Vacuum 1.00

Polypropylene 2.36

Carbon disulfide 2.60

Paper 3.85

Silicon dioxide 3.90

Concrete 4.50

Pyrex 4.70

Rubber 7.00

Diamond 5.50
Graphite 10.00
Silicon 11.68
Ethylene Glycol 37.00
Glycerol 41.20

Water 80.10
Sulfuric acid 92.00
Titanium dioxide 130.00
Strontium titanate 310.00
Barium strontium titanate 500.00

Barium titanate 1250-10,000
Lead zirconate titanate 500-6000
Calcium copper titanate >250,000

Table 1.1. Static relative permittivity.

There are several experimental techniques to measure permittivity. The most commonly
used are: coaxial probe, transmission line, free space method, resonant cavity and very
simple method of parallel plate mentioned before. Many factors such as accuracy,
convenience, and the material shape and form are important in selecting the most
appropriate measurement technique. Some of the significant factors to consider are

summarized in Table 1.2.



Coaxial probe gr

Broadband, convenient, non-destructive

Best for lossy MUTs; liquids or semi-solids

Transmission line

&, and f

Broadbhand

Best for lossy to low loss MUTs;
machineable solids

Free space

E and f

Non-contacting

Best for high temperatures; large, flat samples

Resonant cavity

& and 1,

Accurate

Best for low loss MUTs; small samples

Parallel plate gr

Accurate

Best for low frequencies; thin, flat sheets

Table 1.2. Summary of the measurement techniques (MUT stands for Material Under
Test and |, is relative permeability).

The open-ended coaxial probe is cut off section of transmission line. The material is

measured by immersing the probe into a liquid or touching it to the flat face of a solid

material. The field at the probe end “fringe” into the material and change as they come

into contact with the sample. The reflected signal S1; can be measured and related to ;.

Transmission line methods involve placing the material inside a portion of an enclosed

transmission line. The line is usually a section of rectangular waveguide or coaxial

airline. g, is computed from the measurement of the reflected signal S;; and transmitted

signal S,;. Free-space method use antenna to focus microwave energy at or through a



slab of material. Figure 1.5 shows two typical free-space measurement setups: an S-

parameter configuration and reflect line arch arrangement.

a

L N

Figure 1.5. Free space measurement setups.

Resonant cavities are high Q structures that resonate at certain frequencies. A piece of
sample affects frequency and quality factor of the cavity. From these parameters, the
complex permittivity of the material can be calculated at a single frequency. The parallel
plate capacitor method involves sandwiching a thin sheet of material between two
electrodes to form a capacitor. A typical measurement system using the parallel plate
method consists of an LCR meter or impedance analyzer and a fixture such as the

16451B dielectric test fixture, which operates up to 30 MHz.

A number of techniques to measure local dielectric properties of thin films,
based on scanning probe microscopy have been developed over recent years. Most of

these methods utilize scanning force microscopy (SFM), a sub-category of scanning
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probe microscopy, to study electrostatic and dielectric properties of thin films [1, 2, 3, 4,
5]. These techniques are based on detecting the capacitive force or the current flowing
through a conductive probe with a nano- sized tip. The topography of sample along with
the dielectric properties of the material at a nano-scale spatial resolution can be
obtained. However, these techniques can be complex and difficult due to the long-range
nature of the electrical interaction and the complications raised by the tip geometry. In
order to obtain the dielectric parameters of the materials there is a need to use

approximated analytical models and/or numerical solutions [6].

As a solution to the above-mentioned problem, a simple analytical model has
been developed to quantify accurately a tip-sample capacitance of thin dielectric films
[7]. This model has been used in several studies and has yielded successful results. In
one of the studies local capacitance measurements have been obtained with a current
sensing nano-scale capacitance microscope [8, 9]. The above mentioned model [7] has
also been used to successfully quantify the low frequency dielectric constant of thin SiO,
films [10]. The dielectric constants of supported bio-membranes have been measured in
a similar fashion in [11]. However, these studies have utilized extremely sensitive
instrumentation (sub-attofarad capacitance resolution) for current sensed dielectric

microscopy.

My main aim of the study has been to develop a localized on nano-scale
dielectric constant or DC relative permittivity measurement of (0.3)BiScOs-(0.7)BaTiO3

epitaxial and dielectric thin films by using a commercially available atomic force



microscope [6]. In this study, | will obtain quantitative dielectric constants of these films
which were fabricated by using pulsed laser ablation deposition system under different
deposition conditions as far as a partial pressure of oxygen and substrate temperature
are concerned. In addition, | will examine the composition and the morphology of the
films by using XRD and AFM imaging technique respectively and compare the results

with their dielectric properties.

Chapter 2 of my thesis discusses the procedure used in fabrication of the
materials as well as the growth conditions used during their depositions. XRD
measurement and AFM imaging used to study the composition and the morphology of
the materials are explained in Chapter 3. In Chapter 4, | take an in-depth look at the
measurement of the dielectric constant, €.. This Chapter will include the theoretical
background of the technique and measurement protocol used in the calculation of ¢,.
Chapter 5 summarizes the results obtained by using techniques described in Chapter 4.
Lastly, in Chapter 6, | will discuss the results and draw conclusions for identifying the
optimized conditions in the fabrication process in order to obtain the best quality film

with the highest dielectric constant.

10



2 Materials

As an application of the technique developed to examine thin films, we measured a
set of thin films with a similar composition but fabricated under different deposition
conditions such as a partial oxygen pressure and substrate temperature. In this Chapter,

we will discuss the significance of the materials being tested.

High permittivity dielectrics are useful both in capacitor applications and in
piezoelectrics since the piezoelectric coefficient is proportional to the dielectric constant
of a well-poled material. Currently, the capacitor industry makes extensive use of BaTiO;
as a high permittivity dielectric material. Despite the high dielectric value in bulk form,
thin films of BaTiOs; display a radically low permittivity, especially, when the film
thickness is in the nanometer regime. However, lead-based materials such as PbZr,.
«TixO3 (PZT) retain higher permittivities in thin film form.

The material under my investigation, xBiScOs-(1-x)BaTiOs; (BSBT), has been
identified as a lead-free alternative which facilitate the retention of high permittivity at
small dielectric thicknesses. Thin films of xBiScOs-(1-x)BaTiOs; with x ranging from 0.2 to
0.6 has been investigated in [12]. Here BSBT dielectric films were fabricated on a <100>
LaAlOs single layer crystal substrates along with a SrRuO; electrode. Results found in

[12] displayed permittivities reaching up to 800 for (0.4)BiScO3-(0.6)BaTiOs composition.

11



With an analogous objective in mind we investigate (0.3)BiScOs-(0.7)BaTiO;
deposited on a <100> LaAlOsSr,AlTaOg (LSAT) single crystal substrate instead of LaAlOs.
The choice of alternate substrate was made to circumvent complications raised in the

fabrication process as described in the following section.

2.1 Thin Film Fabrication Process

The thin films were fabricated using Pulsed Laser Deposition (PLD). Precise
control of the deposition parameters is important in this process because even a small
change in the deposition parameters would drastically alter the orientation of the final
product [13].

The samples were prepared by growing (0.3)BiScOsz—(0.7)BaTiO3 (BSBT) dielectric
films and SrRuQs buffer layers (electrode) on a <100> LSAT substrate by using PLD for 50
mTorr and 100 mTorr partial pressure of oxygen and for substrate temperature of
650°C, 700°C and 750°C. LaAlO; (LAO) substrate used in [12] had a drawback because of
creation of the spontaneous strain in films associated with cubic—-rhombohedral phase
transition of the substrate at elevated temperature. Lanthanum aluminate is
rhombohedral at room temperature. However, at temperature around 6000C, LaAlO;
undergoes a phase transition from rhombohedral to cubic [14]. The pulsed laser
deposition process, described in the next section, requires the substrate initially to be at
even higher temperature than structural transition temperature. This causes the

substrate to change from cubic to rhombohedral structure when cooling down after the

12



PLD process is completed. This change exerts strain on the BSBT thin films causing them

to crack.

2.1.1 Deposition Process

Pulsed laser deposition (PLD) as a versatile technique in many aspects, was first
used by Smith and Turner in 1965 for the preparation of semiconductor and dielectric
thin films. With this method, thin films are prepared by the ablation of one or more
targets illuminated by a focused pulsed laser beam. Since the energy source is located
outside the chamber, the use of ultra-high vacuum as well as ambient gas is possible.
Combined with a stoichiometry transfer between target and substrate this allows
depositing wide range of different materials. The pulsed nature of the process also
allows fabricating complex polymer-metal compounds and multilayers. In UHV,
implantation and intermixing effects originating in the deposition of energetic particles
lead to the formation of metastable phases, for instance nanocrystalline highly
supersaturated solid solutions and amorphous alloys. Fabrication in inert gas
atmosphere makes it even possible to control film properties such as stress, texture,
reactivity, magnetic properties and also permittivity by varying the kinetic energy of the

deposited particles.

The PLD process is started by placing the substrate and the target material in the
vacuum chamber. Both targets, SrRuOs; and BSBT were deposited using stoichiometric

targets. A schematic of the PLD system used in this study can be seen in Figure 2.1.

13
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Figure 2.1. A diagram of the PLD chamber used for thin film growth.

Here the (0.3)BiScO3-(0.7)BaTiOs target was prepared by mixing batching Bi,Os
and stoichiometric BaTiOs powders with 5 mol % excess Bi,Os. The density of the target
material is important to ensure a smoothness of the film deposited for a given laser
fluence. A target that was too dense, such as a bulk single crystal, would not ablate
properly without a laser fluence high enough to obtain a plume with a composition
congruent with the target, leading to a thin film with improper stoichiometry [15]. It is
also possible for the target to have a density too low leading to unfavorable ablation,

because the target would ablate too easily causing a large distribution of particle sizes

14



to be ejected. The ideal target density (typically 98%) was one that allowed for uniform

ablation of all target constituents in order to grow a thin film with proper stoichiometry.

In order to create partial pressure of oxygen, the chamber was first evacuated
then backfilled with O,. Certain materials, such as the oxide used in this research,
required a background gas to be present in the chamber during deposition. The oxide
material was prone to losing oxygen if the chamber was under vacuum; a process called
reduction. The background gas used for these materials was O,, allowing for the

replacement of lost oxygen in order to obtain the correct stoichiometry of the thin film.

High-intensity short pulses (typically 17 ns) were focused on to the targets that
were attached to a rotation stage to allow for uniform ablation. The energy absorbed by
the target from the laser pulse was converted to electronic excitation resulting in
thermal, chemical and mechanical energy leading to the release of a cone shaped plume
of material containing atoms, ions, electrons, and particulates of the target material in a
direction normal to the surface of the target. The plume displayed an angular
distribution of target material with lighter particles spreading at larger oblique angles
from the plume axis while the heavier particles traveled closer to the center. The
angular distribution required adjustment of the target-substrate distance as well as the
angle of the substrate with respect to the target depending on the elements within the

target.

Our PLD system has a limitation of 7.1 cm target-substrate distance with little

flexibility in the substrate angle. The chamber was equipped with two sets of photo-

15



multiplier tubes (PMTs) set behind narrow band-pass filters mounted to the exterior to
monitor emission of excited elements within the plume. The PMTs were used to
monitor the, time-of flight (TOF), time from initial target impact of the laser pulse to the
time of maximum emission of a particular species as the components pass the PMT in
order to maintain consistency between depositions. The adjustment of the laser voltage
and chamber pressure affected the TOF. Higher oxygen pressures decreased the kinetic

energy of the plume and higher laser voltage increased it.

For particles that reached the substrate, mobility was limited by their kinetic
energy. Thus, the resulting structure was dependent on the temperature of the
substrate which was typically heated to 650°C — 750°C creating a favorable energy
condition to allow the film to grow in a crystalline structure. Energy from the heated
substrate is absorbed by the particles allowing them to diffuse throughout the surface
of the substrate where they were able to locate low energy sites creating a stable
structure. When the appropriate substrate temperature was not provided, the resulting
thin film was amorphous. This was due to the fact that crystallinity of thin films is
determined by the bonding configurations of the atoms at a given temperature with the
lowest free energy [16]. The deposition was continued until the desired film thickness of
330 nm was reached which was determined by a sensor which measured the material
deposited per pulse and extrapolated for the total time of deposition. This yielded the

desired final results in the form of stoichiometric thin films.
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2.1.2 Growth Conditions

The growth conditions used in the PLD system were monitored and controlled using
LabVIEW software. Parameters that were monitored during the depositions included:
laser voltage, pulse energy, background gas pressure, laser repetition rate, total
deposition time, substrate temperature, and TOF. Here the laser voltage and energy
parameters were varied in order to maintain constant TOF. The background gas
pressure was applied by evacuating the chamber to 107 Torr and back filling it with O,.
A summarized list of the thin films that were grown along with the growth conditions is

given in Table 2.1

Sample O, Pressure | Laser Voltage Rep Rate Substrate Temp. | Pulse Energy TOF
(#) (mTorr) (kv) (Hz) (°c) (mJ) (ms)
3491 100 16.6 10 700 442.6 5.01
3495 50 16.0 10 700 365.8 4.57
3501 50 16.0 10 750 332.6 4.77
3503 100 16.4 10 750 429.0 5.00
3505 100 17.1 10 650 466.9 4.99
3507 50 16.3 10 650 346.1 5.00

Table 2.1. Thin films grown with deposition parameters.
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3 Material Characterization

The thin films in Table 2.1 were examined using X-Ray Diffraction (XRD) and AFM
imaging. XRD measurements were used to gain insight to properties such as lattice
parameters and spacing of the thin films, whereas the AFM imaging revealed the
morphology of the thin films. Finally the grain sizes for each of the samples were
calculated using XRD data and compared to the visually approximated values from AFM

imaging.

3.1 X-Ray Diffraction

The technique of X-Ray Diffraction (XRD) is based on Bragg’s law, which is
explained in Figure 3.1. This method used the basic principles of diffraction and

interference of electromagnetic waves.
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Figure 3.1. Diagram of Bragg's Law.

When light is passed through a material with periodic spacing between the planes in its
crystal structure, interference occurs. However, one of the rays must travel 2dsin®
more than the other. The condition for constructive interference when X-rays are
diffracted from a set of lattice plane is described by Equation 3.1, where A is the

wavelength of the incident light.

2dsinf=ni n=123 . (3.1)

XRD measurments were performed using a Rigaku DMAX B diffractometer. The
diffractometer consists of a X-ray source, a sample mount, and a detector. In the source,
a beam of electrons is incident on a copper (Cu) target. This results in the target
emitting CuKy; radiation with a wavelength of 0.154 nm. This is caused by the incident
electrons dislodging an electron in the K shell of the Cu and an electron in the L shell

dropping to fill the empty level. These emitted X-rays were then projected onto the

19



sample. Interaction with the lattice causes a portion of the X-Rays to diffract. The
detector is attached to a goniometer. This gives the ability to rotate through a varying

range of angles detecting the diffracted X-rays.

By plotting the intensity of detected X-rays vs. angle, peaks for every orientation
allowing constructive interference can be analyzed. The lattice spacing of each sample
can then be determined using Bragg’s law with the known wavelength of the X-rays and
the B terms taken from each peak on the intensity plot. Orientations of the thin films
are calculated by matching the lattice spacing values with a crystallographic database

provided by the International Centre for Diffraction Data (ICDD).

3.2 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a branch of Scanning Probe Microscopy (SPM).
This technique of microscopy uses a physical probe to create an image of a specimen
instead of optical elements. The image is created by mechanically moving the probe

across the sample surface line by line and measuring the probe surface interaction.

The very first development in the SPM technique was construction of the
Scanning Tunneling Microscope (STM). The STM was developed by Gerd Binnig and
Heinrich Rohrer in the early ‘80s at the IBM Research Laboratory in Ruschlikon,
Switzerland, who won the Nobel Prize in 1986. However, this technique was restricted

to electrically conducting surfaces because this method is based on measuring the
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guantum tunneling current between the conducting tip and the sample when a

potential difference is applied.

An extension of this technique, called the Atomic Force Microscopy (AFM), was
developed by Gerd Binnig, Calvin Quate and Christopher Gerber. The AFM also allowed
insulating materials to be analyzed. Here, very small sharp probing tip is scanned very
closely above the sample surface. The distance between the sample surface and the
probing tip is so small that the atomic range forces act between them. In order to
measure these forces the probing tip is attached to a cantilever, where the deflection
can be recorded. An enlarged photo of a cantilever probe arrangement is shown in

Figure 3.2.

Figure 3.2. 228um long micro-fabricated silicon cantilever with integrated tip.

The deflection of the cantilever is detected by reflecting a laser beam off the top side of
the cantilever. The deflection signal is then used in a feedback loop, as an error signal,
to keep the cantilever deflection constant by expanding/contracting piezoelectric

material. The system that varies the position is known as the Z controller. The local

21



height of the sample can be found by recording the change in piezoelectric material,
creating a 3D map of the sample surface. This technique is referred to as the Static

mode or the Contact mode.

Dynamic mode or Tapping mode is another technique of AFM. Here the
cantilever is oscillated with fixed amplitude and a frequency close to the resonance
frequency of the cantilever. The repulsive forces excreted by the sample on the tip
increase the resonance frequency of the cantilever causing the vibration amplitude to
decrease. This amplitude change is measured using the same detection system used to
measure the deflection. Now the amplitude signal is used in a feedback loop similar to

the Static mode.

3.2.1 Imaging

We have examined the morphology of each samples listed Table 2.1 by using a
Nanosurf Easyscan 2 AFM manufactured by Nanosurf. The AFM was controlled using
Nanosurf Easyscan 2 control software version 3.0. The Nanosurf Easyscan 2 controller

attached to the AFM scan head is shown in Figure 3.3.
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Figure 3.3. Nanosurf Easyscan 2 controller with the AFM scan head.

All the images were taken in Static force mode. Imaging in the Static force mode
requires a set value for the working point of the cantilever which was set to 20 nN.
Imaging in the Contact mode requires a free running feedback. This keeps the z-
controller active and maintains the interaction between the sample surface and the
cantilever. This was done using an Adaptive Pl algorithm rather than the standard PID
algorithm in order to reduce noise. Choosing the Adoptive Pl against standard PID was a
tradeoff between noise reduction and accuracy of fast topography changes. The
standard PID algorithm uses the strength of the error signal (P-Gain), the strength of the
integral of the error signal (I-Gain) and also the derivative of the error signal (D-gain) to
calculate the strength of the z-controller reaction. A high I-gain reduces the error signal
over time thus reducing a high frequency noise. On the other hand, the D-gain reduces
the fast changes in the error signal but it also amplifies high frequency noise. Since the
adoptive Pl algorithm does not use a D-gain it eliminates high frequency noise but since
fast changes in the error signal are not reduces the microscope is unable to capture
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topography changes that happen faster the time between two measured points. The
adoptive Pl algorithm also varies the bandwidth of the topography measurement to

match the number of measured points per second.

The imaging was done using an ANSCM-PT cantilever manufactured by AppNano.
The cantilever was chosen to accommodate imaging requirements as well as
electrostatic force measurement requirements, which are described in detail in Chapter
4. The complete specifications of the cantilever can be seen in Table 3.3. Using this
configuration we scanned 5 um x 5 um areas for each of the thin films. The results are

displayed in the form of color maps and 3D topography representations in Chapter 5.
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Handle Chip

Length (mm) x Width (mm) x Height (um) 3.4x1.6x300
Cantilever
Material Si
Shape Rectangular
Reflex side coating Pt/Ir
Reflex coating thickness (nm) 255
Nominal spring constant (N/m) 3.0
Spring constant range (N/m) 1.2-6.4
Nominal Frequency (kHz) 62
Frequency range (kHz) 47 -76
Length (pum) 225+10
Width (um) 60 £+ 10
Thickness (um) 3.0£05
Tip Specifications
Shape Tetrahedral
Height (um) 14-16
Radius of curvature (nm) 30
Coating Pt/Ir
Coating thickness (nm) 25+5

Table 3.1. ANSCM-PT Cantilever Specifications.
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4 Measurement of Dielectric Constant Using AFM

4.1 Theoretical Background

Let us consider a thin film deposited by using PLD on a substrate along with an
electrode, where the electrode is partially exposed and grounded. A conductive

cantilever with a nano-sized tip is positioned over the sample as shown in Figure 4.1.

Sampl v h Conductive Layer

Substrate

Figure 4.1. Dielectric measurement set-up of thin film sample deposited on a substrate
with a conductive layer. A DC voltage bias is applied between the substrate and the
cantilever. The resulting deflection D depends on the local dielectric constant of the

sample.
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Cantilever is positioned at a distance zg above the sample surface. A DC bias voltage is
applied between the cantilever and the electrode creating an excess positive charge on
the AFM probe causing the cantilever to deflect towards the more negatively charged

sample surface by a distance D bringing the cantilever tip to a new equilibrium position

The equilibrium tip-sample distance at a given DC applied voltage corresponds to
the minimum energy of the system consisting of the AFM probe and the sample. This
system energy contains contributions from various forces acting on the AFM probe.

Thus, the total energy of the system, Et, can be expressed in the form of Equation 4.1.
Er =Ex + Epaw — E¢ (4.1)

Here, the recovering elastic energy, E, is represented as the elastic energy of a
spring with a spring constant k corresponding to the spring constant of the cantilever

(Equation 4.2).

1 -
Eg = ihﬂzn —z) (4.2)

The electrostatic probe—sample energy, Ec, is modeled as the energy of the capacitor

between the probe and the substrate (Equation 4.3).

1.
e =30rV (4.3)
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where V represents the sample-probe DC bias voltage and C; denotes total capacitance

of the system.

The total capacitance of the system can be broken down into 3 components
corresponding to each major segment of the AFM probe. The cantilever part C;, cone C,,
and C,pex tip end (apex). We consider capacitance contributions from the micrometric
parts of the AFM probe C; and C. as the stray capacitance Csay. Therefore, the total

capacitance of the system is represented by Equation 4.4

Cr=C+C: + Cﬂfpax (4.4)
Explicit expressions for each contribution to the capacitance (Equation 4.4) in terms of
geometric properties of the AFM probe are derived in [17, 18]. The capacitance
associated cantilever is represented by Equation 4.5 [17].

-
|

" 2Lt ﬁ!avar )
EDI:Vtﬂ‘n‘(ﬁ:EBE?"j In 1+ ﬂTl( g'rz

e B2 tan (ﬁ:auarx‘z) z+H :

lever

(4.5)

where W and L are the width and length of the cantilever, respectively, Biever is the tilt
angle of the lever and H is the height of the cone, whereas the new equilibrium position
is denoted by z. Next, the capacitance contribution from the cone of the AFM probe is

given by Equation 4.6 [17].

—8msp

=T = [f1":111(f13' -1) - fa (1n(fz -1) - sin(28)(H 1ﬂ(2f13' —&In(2f3))] (4.6)

& (m—Pieper)®
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where 8 is the half-cone aperture angle and R is the apex radius. Furthermore, f; =z +H
- 8/2,f, =2+ 68/2, and & = R/[tan*(20)]. Finally, the capacitance part from the apex of
the probe for a dielectric sample with relative dielectric constant €, and height h is

described by Equation 4.7 [6].

R(1— siné
Capex = 2T5oR1In |1 +(—T}
I+
r (4.7)

Going back to Equation 4.1, the remaining energy contribution term coming

from Van der Waals force [19] can be expressed as follows (Equation 4.8).

Evaw = :Ti; [2_13 Ci:)_ (%)] (4.8)

where A is the Hamaker constant, R is the radius of the tip apex and rq is the interatomic
spacing (around 0.4 nm).

In order to derive a simplified expression we utilize the following approximations [20].

I.  The location of the electrostatic minimum is essentially determined by the
electrostatic and elastic forces. This approximation holds as long as the location
of the minimum is far enough from the substrate. At this location, the vdW
forces are negligible (more than 6 nm).

. The capacitance contributions from the cantilever and the tip sum up to a
contribution that varies linearly with the tip—sample distance. This
approximation holds as long as the tip—substrate distance is less than a few
hundred nanometers.
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Taking these approximations into account (I and 1) Equation 4.1 reduces to Equation 4.9

1 P | 2
El'_ = ik(zn - Z]" - EC'{F"

(4.9)
Using Equation 4.9, we can easily calculate the minimum energy with respect to z
8Er 19Cr .
Gz - ey V=0 (4.10)
After rearrangement, we have
19Cr .
GCo—D=-5z7 " (4.11)

From approximation Il, we can express a derivative of the total capacitance as follows

%“ —F-f@) (4.12)
where
_F o 0C+C)
dz (4.13)

and
acgm — fey=- Hzns;m::"

: (Z+ R +£T~) (z+s_,:) (4.14)
with
E =R -sind) (4.15)
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Substituting Equations 4.12-4.14 into Equation 4.11, we can end up with the following

expression for the total deflection of the cantilever

2 -1
Dezg—z= (V - Vsp(s,) wrs.,RH[(er H+££)(z+£)] 4 Do

K r (4.16)

Here, we have used V-V,,(r) as the effective bias voltage between the sample surface
and the AFM probe where V,,(Er) denotes the surface potential of the dielectric sample.
In-depth derivation of the surface potential is given in the next section. In addition, the
deflection caused by the capacitance contributions of the cantilever and the cone is
represented by the constant Do. If we consider a metallic sample, h/e, = 0, reducing

Equation 4.16 into Equation 4.17 [21].

(V—Vgp)ime RR
k

D= [(z+R)z]™* + D, (4.17)

By re arranging Equation (4.16) the local dielectric constant €, can be expressed

as a function of the cantilever deflection.

-1

kil

£ D)Y=2R)|—2z— R+ [22 + ﬁ]z — 4z (z + ﬁ) + 4(U ;E;;P(SS}?: ﬁ}g}'}RR
— Llg &y

(4.18)

Calculation of the remaining parameters (k, Vs,(r), R, 8 and Do(Er)) in equation 4.18 is

discussed in the following section.
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4.2 Parameter Calibration

4.2.1 Spring Constant

Spring constant k can be obtained by analyzing the thermal oscillation of the
cantilever [22]. Treating the cantilever as a harmonic oscillator fluctuating in response to

thermal noise yields the following Hamiltonian

go PR L s
= om TM@ed (4.19)

where q is the displacement of the oscillator, p is the momentum, m is the oscillating
mass and wy is the resonant angular frequency of the system. By utilizing equipartition

theorem we can say that

| T
Gmwaq®) = ksl (4.20)

Here kg denotes the Boltzmann constant and T represents the temperature. Since
. k

Wy =—
™ m we can simplify Equation 4.20 to obtain

kT
"~ {g?) (4.21)

where <q2> stands for the mean square displacement of the cantilever. Therefore the
spring constant of the cantilever can be estimated by measuring the deflection of a

freely moving cantilever at a sampling rate higher than the resonant frequency.
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4.2.2 Surface Voltage

The surface voltage Vs,(r) can be derived by measuring the electrostatic force
between the tip and the sample when a varying bias voltage is applied. The electrostatic
force between the tip and the sample can be written as a surface integral over the

electric field on the sample surface.

— 7 i ¥ 2
Fz)= Lﬁ 5 [ECev. 2] (4.22)

where E(x,y,z) is the electric field on the surface for a certain tip—sample distance z. In a
typical SFM setup the electric field lines can be approximated by segments of circles
connecting the tip and the sample with the electric potential decreasing linearly along

these segments. Therefore Equation 4.22 can be written as

NEUL:E: , 1
FG == Laj[a('x,y,z]]: (4.23)

where Vj is the effective voltage between the tip and the sample and a(x, vy, z) is the arc
length of the circular segment coming from the probe and ending on a point (x, y, z) of
the surface. The effective voltage is Vo = V - V,(Erd- with V as the potential of the tip
and V;, (Erdas the surface potential of the sample

O -V,6)
B 2 (4.24)

F(z)
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Where C'(z) is the derivative of the tip sample capacitance [23]. From Equation 4.24 we
can say that the electrostatic force is a quadratic function of tip voltage, with its

minimum shifted by an amount V,(r) with respect to the origin.

4.2.3 Cone Angle

The cone angle 8 of the AFM probe is related to the geometric shape of the
cantilever tip. The cantilever used in this experiment has a regular tetrahedral tip shape.
The cone angle in this situation is equal to the solid angle formed by the three faces of
the tetrahedron at the apex of the tip.

The solid angle of a tetrahedron can be found using the following formula:

5oob)

i=1 =1

(4.25)

where A; is the area of the spherical triangle formed by the i'th face of a tetrahedronin a
sphere of radius R and & ;is the angle subtended by edge i. For a regular tetrahedron,

we can replace & ; with cos*(1/3) and obtain the solid angle 8 as follows

(4.26)
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4.2.4 Tip Radius

The tip radius R can be found using Equation 4.17. A deflection versus distance
curve taken over the SrRuOz; metallic buffer layer (see Figure 4.1) can be fitted to
Equation 4.17 in order to extract R. Note that the z range for the fit function has to be
selected to comply with approximation | and Il in section 4.1. Also previously derived
values for the cone angle, surface potential and the spring constant are needed for

calculation of the tip radius. Here Dg can be treated as a free parameter.

4.2.5 Stray Deflection

The stray deflection value Do{Er) of the AFM probe can be obtained by monitoring
the deflection at higher z distances. When the distance between the tip and the sample
is increased the deflection contribution from the apex of the cantilever becomes
negligible and the total deflection approaches a value equal to Do(r) (see Equation
4.16). Thus, taking the average of a deflection distance curve around 180 nm away from

the sample surface will provide an approximate value of Do(Er).
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4.3 Procedure

4.3.1 Sample Preparation

The samples were prepared for measurement by etching away a part of the top-
layer of BSBT thin film to expose the conductive SrRuO; layer deposited on the LSAT
single crystal substrate. This was accomplished by sputter etching the sample in the
MRC Sputtersphere. A power level of 600 W was maintained for 15 minutes during this
process. The conductivity was monitored during the process and the sudden change in
conductivity at a 330 nm confirms the exposure of the SrRuOs layer. A plot of a cross-
sectional profile after etching is presented in Figure 4.2. Exposed conductive layer is

then grounded using a drop of silver paint as it can be seen in Figure 4.3.

o

Sample Thickness (A)

Distance along the sample (A)

Figure 4.2. Cross section of the sample after etching showing an etch depth of 330 nm.
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Etched Area
Top View

Nanoparticle Silver paint
Layer drop

Side View

Figure 4.3. Sample prepared for measurement with grounded created by using silver
paint drop.

4.3.2 Measurement Protocol

As the first step, the cantilever tip was positioned above the exposed conductive
region of the sample. The sample was approached using the step motor of the AFM until
a 20 nN force was experienced by the cantilever. After this the feedback signal was
disabled. Next, a deflection vs. distance measurement was made by varying the z
position of the cantilever. This data was recorded as a spectroscopy measurement with
a time modulation of 0.1 seconds. This spectroscopy measurement was used to find the

tip radius R as described in section 4.2.2.

After the measurements on the conductive layer were completed, the BSBT thin

film layer was positioned under the cantilever tip. After activating the feedback loop the
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sample was approached in a similar fashion and a topography image was created in
Static mode to obtain the morphology of sample. Next, a deflection versus distance
spectroscopy measurement was made, moving the cantilever away from the sample
surface. This technique is used to set zg by specifying the desired value of 100 nm as the
final value for the spectroscopy measurement. Once the equilibrium position zo was
established, a voltage bias of 10 V was applied between the cantilever and the
conductive layer of the sample. Then we recorded the deflection of the cantilever over
0.1 seconds maintaining the scan height and the applied voltage constant. The average
value of this measurement was taken as the total deflection. Next, a second deflection
versus distance curve was obtained by varying z up to a distance of 200 nm above the
sample surface. From this measurement, we calculated the stray deflection Do(Er) by
taking the average of the deflection after it approached constant value. By substituting
each of these quantities in Equation 4.18, we obtain a dielectric constant value for the

given sample.
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5 Results

5.1 Atomic Force Microscopy

AFM images were acquired for an area of 5 um x 5 um for each sample. The
morphology and approximate grain sizes were visually analyzed using the color maps
and 3D AFM images for each BSBT sample. Additionally, line profiles were created to
approximate roughness for each sample. A color map for sample # 3505 is displayed in

Figure 5.1.

354.00lmw

0. O0nw

0.00pm 2.38pm 4.76pm

Figure 5.1. 5um x 5um color map of BSBT sample #3505.
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(a) (b)
Figure 5.2. Line profiles (b) for BSBT sample # 3505 (a).

Figure 5.2 shows the line profiles created for the color map in Figure 5.1. The red line
was chosen to avoid abnormalities such as outgrowths and the green line included an
outgrowth. The average roughness calculated for the red line was 13.5 nm while for the
blue line a displayed roughness was 27.8 nm. The average roughness of the same area
for each sample was calculated by taking multiple line profiles across the area. Color
maps for each sample along with the average roughness peak to valley differences are

presented in Table 5.1.
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3503

750°C
Average Roughness: 13.6 nm

3501

Average Roughness: 14.8 nm

3491

- 700°C
Average Roughness: 10.5 nm

3495

28, S
i
0005 Crag

700°C
Average Roughness: 14.1 nm

3505

Average Roughness: 28.2 nm

3507

.70

T

Average Roughness: 2.6 nm

(a)

(b)

Table 5.1. Color maps of BSBT thin films deposited at different temperatures and two
partial oxygen pressures (100 mTorr, a) and (50 mTorr, b), respectively together with
average roughness. The locations of €. measurements are represented by arrows.

41



5.2 X-Ray Diffraction

The intensity versus angle 26 was plotted to analyze XRD data for sample # 3505.
We observed three <200> peaks in intensity, which were related to the BSBT thin film,
the SRO conductive buffer layer and the LSAT substrate, respectively. The BSBT thin film
was fitted to a Gaussian curve. As an example, intensity versus angle plot for sample #
3505 (650 °C, 100 mTorr) can be seen in Figure 5.2. The peak located at (28) = 35.51°% is
fitted to a Gaussian curve with a FWHM value of 1.02°. The 8, FWHM and the grain size

acquired from Scherrer formula for each sample is summarized in Table 5.2.
d =K2A/(Bcosh) (5.1)

where d represents the grain size, A is the radiation wavelength (0.154 nm), B is the
width at half the maximum intensity, 6 is the Bragg angle and the constant K (usually

equal to 0.9) stands for the shape factor.

BSBT

(200)
LSAT

(200)

140
120 -
100

3

Intensity (10 a. u.)

SRO

60 = (200)

40 —
20 -

0 ] | ] |
42 44 46 48 50

26 (°)

Figure 5.3. Intensity versus 26 angle for BSBT sample (# 3505) with Gaussian fit.
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Intensity (10°a. u.)

3503 3501

50

140 - 3 140 |- 3
120 |- 1 120 |-
100 100 - 1
80— 80— 2
60 — 2 60
40 40
20 - 20 -
ol ! | ol ! L |
42 44 46 48 50 42 44 46 48
3491 3495
140 |- 3 140 |- 3
120 120 1
100 1 100
80— 80—
60 — 60 —
40 - 40 - 2
20 2 20
ot 1 } | ot 1 } |
42 44 46 48 50 42 44 46 48 50
3505 3507
140 140 |- . 3
120 - 1 3 120 1
100 100 -
80 80
60 | 2 60 | 2
40 - 40—
20 - 20 -
ok 1 1 4 ] ok 1 } ]
42 44 46 48 50 42 44 46 48 50
20 (°)

Table 5.2. Intensity versus 26 for each sample. Here peaks 1, 2 and 3 represents
BSBT(200), SRO(200) and LSAT(200), respectively. Peak # 1 of each sample is fitted with
a Gaussian curve.
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Sample 0 FWHM Grain size
(#) (radian) (radian) (nm)
3491 0.3905 0.0159 9.44
3495 0.3895 0.0147 10.23
3501 0.3900 0.0129 11.60
3503 0.3920 0.0150 9.99
3505 0.3904 0.0145 10.35
3507 0.3894 0.0161 9.33

Table 5.3. Grain sizes calculated from BSBT (200) X-ray diffraction peaks.

5.3 Dielectric Constants

Deflections were measured, with a varying z, over the etched area of the samples.
The data were fitted to Equation 4.17 using Igor Pro version 6.2. The fitting was
restricted for a selected range of z values where Equation 4.17 is valid (30 nm — 100 nm

from the sample surface).
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Figure 5.4. Deflection versus z distance with Equation 4.17 fitted from z=100 nmto z =
30 nm above the metallic buffer layer.

The deflection is plotted versus z in Figure 5.4. By fitting data to Equation 4.17 we

obtained 358.1 nm as the tip radius.

The deflection under an applied DC bias voltage ranging from -5 V to 5 V
between the cantilever and the bottom electrode was obtained over the dielectric
material. The tip position was maintained at 100 nm over the sample surface. Figure 5.5
shows a plot of the deflection versus voltage taken for sample # 3501. The data was
fitted to a parabolic function. The minimum deflection according to the fit function
occurs at 0.85 V which is equal to the surface voltage at that point. The surface voltage

values for the remaining points and the samples are shown in Table 5.3.
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Deflection (nm)
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Figure 5.5. Deflection versus voltage for sample # 3501 measured 100 nm above the
sample at coordinates (2.05,-1.05).

The static deflection under a constant DC bias of 10 V was acquired by averaging
the deflection over a period of 0.1 seconds. Measurement taken at coordinates (2.05,-
1.05) on sample # 3505 displayed an average deflection of 10.4 nm. Using a tip radius of
358.1 nm, a cone angle of 31.6° and a spring constant of 3 N/m, the dielectric constant
for the specific location (2.05,-1.05) on sample # 3505 was calculated to be 22.2. Here
reference z plane was set at the surface of the sample resulting in equilibrium position z
of 89.58 nm. In addition, the boundary between the BSBT layer and the SRO buffer layer

is located at 330 nm below the reference z=0 plane.

Next, as seen in Figure 5.6, we measured the deflection with an increasing
distance above the sample and approximated the stray deflection (Do(r)) by taking the

average deflection after it approached a constant value.
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Figure 5.6. Deflection versus z distance with the average taken around 180 nm above
the sample # 3501.

The total deflection (D), stray deflection (Do(Er)), surface voltage (Vy,(6r)) and
the equilibrium position (z) for each sample is summarized in Table 5.4 along with the

calculated relative dielectric constant (g,).

Sample D DolEr) Vo (Er) z &
(#) (nm) (nm) (v) (nm)
3491 30.1 27.6 0.68 69.9 40.6
3495 209 | - 0.48 791 | -
3501 36.1 334 0.85 63.9 42.0
3503 45.2 42.1 1.33 54.8 69.1
3505 10.4 8.6 0.53 89.6 22.6
3507 191 | - 0.33 809 | @ -

5.4. Deflection, stray deflection, surface voltage, equilibrium position and the dielectric
constant, respectively calculated for each BSBT sample.
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6 Discussion and Conclusions

In this Chapter, we will discuss structural and electrostatic properties of 0.3BiScOs; -
0.7BaTiO3 samples prepared by using PLD process under the following conditions: (100)
LSAT single crystal substrate temperatures were at 650 °C, 700 °C and 750 °C and
deposition took place under 50 mTorr and 100 mTorr partial oxygen pressure (see Table
2.1). In addition, a metallic buffer layer was deposited between the BSBT thin films and
the LSAT at the elevated temperature of 750 °C and 300 mTorr of partial oxygen
pressure to provide the bottom electrode required for electrostatic measurements.
These measurements were done using an Atomic Force Microscope which enables us to
record the interaction between the probe and the BSBT sample in terms of cantilever
deflection. Theoretical model discussed in Chapter 4 allows to connect sample
depended cantilever deflection with the dielectric constant of the material under

investigation (see Equation 4.18).

XRD diffraction patterns (see Table 5.2) suggest that the best stoichiometric sample
was fabricated at 750 °C substrate temperature and 50 mTorr partial pressure of oxygen
with distinct (200) peaks of LSAT, SRO and BSBT (# 3501). In addition, this sample has
the highest average roughness and the largest grain size d = 11.6 nm (see Table 5.1 b)

based on AFM topography (Figure 5.2) and XRD analysis using Scherrer formula
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(Equation 5.1), respectively. However, we were unable to obtain roughness values for

samples # 3505 and # 3501 because of abnormalities such as outgrowths.

Dielectric constants for the BSBT samples were calculated using the measurements
summarized in Table 5.4. In these calculations, | have used the manufacturer provided
value for the spring constant instead of the value obtained from thermal oscillations as
discussed in section 4.2.1. Since the thermal oscillations are in the range of few
Angstroms, a very high uncertainty was associated with the calculation due to noise and
the uncertainty in deflection measurements associated with the AFM. Also the stray
deflection values for samples # 3507 and # 3495 were unobtainable since the deflection
did not approach a constant value within the measured z range. According to the results
presented in Chapter 5, the total uncertainty for the dielectric constant, o(&), was
calculated to be 1.7. Although, there are several parameters in Equation 4.18, the main
source of uncertainty comes from the deflection detection system of the AFM. We also
observed a difference between the manufacture provided tip radius and the tip radius
obtained from the technique discussed in Chapter 4. In this situation, experimental
value was used in the calculations because of the deformation and wear that occurs in

the AFM tip especially after contact mode imaging [24].

In conclusion, we have summarized the properties for the six BSBT samples that
were examined in this study (see Table 6.1). Here, we have grouped the samples by the
partial oxygen pressure used in the PLD process and arranged them according the

increasing substrate temperature.
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Sample Substrate Temp. | O, Pressure Grain Size Roughness &
(#) (°C) (mTorr) (nm) (nm)
3505 650 100 10.35 28.2 22.6
3491 700 100 9.4 10.5 40.6
3503 750 100 10.0 13.6 69.1
3507 650 50 9.3 26 | -
3495 700 50 10.2 141 | -
3501 750 50 11.6 14.8 42.0

Table 6.1. Summary of fabrication conditions, grains sizes, roughness values and
dielectric constants for the six BSBT samples.

Comparing the grain sizes for each pressure shows that the increasing substrate
temperature causes the grain size to increase. The roughness values obtained from AFM
line profiles also support this pattern. For each of the three temperatures, using a lower
0O, pressure has resulted in a smaller grain size and lower roughness. The samples
fabricated under 100 mTorr of pressure suggest that using a higher substrate

temperature of 750°C yields a larger dielectric constant g, = 69.1

Taking a series of measurements over the sample surface would allow us to map
the dielectric constant on the surface of the sample and also provide a more general
average value over the entire sample. However, our goal in this study was to identify the
optimal growth conditions, thus we were testing virgin samples that were not exposed

to any external electric field. Since our measurement method required a DC electric field
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to be applied to our samples, we were already polarized them after analyzing the very
first point on the sample. This point was carefully chosen to represent the area of the

sample avoiding outgrowths as seen in Table 5.1.

In future work, a better precision for deflection measurements can be achieved by
using, for example, lock-in amplifier. Our assumption, in the current study, was to make

AFM measurements without using any additional electronic devices.
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