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CHAPTER 1

INTRODUCTION

1.1 Scanning Probe Microscopy

Scanning Probe Microscopy (SPM) is the technique that uses a small tip to scan over a
sample to map its topography and to study its surface properties from the atomic to the
microscopic level. The invention of Scanning Tunneling Microscopy (STM) by Gerd
Binnig and Heinrich Rohrer at IBM Zurich in 1981 sparked the SPM industry 1. Binnig
and Rohrer were awarded the Nobel prize in physics in 1986 for STM invention.

In the STM, a potential difference is applied between the tip and sample. When the
tip and sample are a small distance away from each other (~10 4) 2, the electrons are able

to tunnel through the dielectric barrier (vacuum, air, or liquid) due to the quantum
tunneling. The tunneling current varies exponentially with the separation distance

between the tip and sample.



Figure 1.1 Interaction between tip and sample in STM 3.

Because tunneling current varies exponentially with the distance between electrodes,

when the distance changes by 10% the tunneling current varies by one order of

magnitude”™. A computer records the tunneling current and maps the sample’s
topography. This mode is called the constant-height mode because the tip does not move
vertically. The other mode that STM can use to map the topography of a sample is the
constant-current mode in which the feedback loop is used to control the motion of a tip to
keep the tunneling current constant. Because the STM does not have to move the scanner
vertically in the constant-height mode, this mode is faster than the constant-current mode.
The disadvantage of constant-height is that this mode only works for very smooth

surfaces. The figures below show the difference in these two modes in STM.

Figure 1.2 Constant-height mode and constant current mode 3.



Atomic Force Microscopy (AFM) is another type of SPM. One of AFM’s advantages
over STM is that, because a potential difference is not needed to be applied to take
topographic images, the sample can be an insulator.

In my thesis, I will discuss the Atomic Force Microscopy (AFM) and the various
techniques using AFM. Several examples will demonstrate the various capabilities of
different modes. The thesis includes a discussion of how AFM works, its components,
and forces acting on the AFM. We then discuss the scanner nonlinearities in AFM. This
is important to understand how software and hardware corrections work to image the
sample closely as to'what actual surfaces look like. Because AFM images the surface in
a very small area, it is crucial not to have any kind of noise around the AFM. We use an
instrument that can plot the intensity versus frequency to see the sources of noise and
how to protect the AFM from noise. 7There are three scanning modes in AFM. They are
contact mode, non-contact mode and intermittent (tapping) mode.

Different Scanning Probe Microscopy (SPM) techniques are possible with our
equipment. Lateral Force Microscopy (LFM) is used to see the friction force between the
tip and the sample. Magneﬁc Force Microscopy (MFM) images the magnetic
characteristics of the sample using a magnetized tip. Electrostatic Force Microscopy
(EFM) uses the same concept as MFM except EFM uses an electronically charged tip to
image the electric characteristics of the sample. Phase Detection Microscopy (PDM) is
used to image the variation in properties like elasticity and adhesion. Force Modulation
Microscopy (FMM) is the technique used to map the mechanical properties of the

sample. We discuss how these techniques work and show examples of some techniques.



Scanning Capacitance Microscopy (SCM) is a technique that can image dielectric
properties of the sample. We explain how SCM works theoretically, and show how to
modify an AFM to take SCM images. We then aﬁalyze a sample grown by Motorola.
Using the detailed characteristics of the sample, we performed different experiments to
see if our data are consistent with their data.

Microcell (liquid cell) is a component added to AFM to take topographic images of
the sample inside of a liquid. We discuss components of the microcell and how it works.
Because the microcell is built for liquids with high surface tension, we made
modifications for liquids with lower surface tension. These modifications are shown.
The purpose of using the microcell to take AFM images inside of different solutions is to
understand Chemical Mechanical Polishing (CMP) used in the integrated circuit
manufacturing process at the atomic scale.

Finally, we will discuss the video camera system used to focus the laser on top of the
cantilever. We show the components of this system and how to operate the system. We

also discuss the resolution of the system.



CHAPTER 2

ATOMIC FORCE MICROSCOPY (AFM)

2.1 Theory of Atomic Force Microscopy (AFM)

2.1.1 Components of AFM

The figures below show components ofthe Atomic Force Microscope (AFM) system

in Dr. Heather Galloway’s lab.

Figure 2.1 AFM system in Dr. Galloway’s lab

The laser and photodiode detector are located in the head of AFM, which moves

vertically with the help ofthree fine screwed legs. The figures below show the head of

AFM and two ofthe three screws mentioned above.



Figure 2.2 a) Components of AFM head, and b) inside of AFM showing three legs to move the head
The laser is mounted on the right side ofthe head (A in Fig. 2.2), and the detector is

mounted on the left side ofthe head (B in Fig. 2.2). The circular detector is separated in
two sections, labeled A and B in the figure below, for reqgular AFM mode. The first thing
we must do before taking any kind of images is to focus the laser to reflect offthe top of
a cantilever (a tip is attached underneath it) and let the reflected laser beam hit the

photodiode detector as can be seen below:

Figure 2.3 The schematic of contact AFM showing the laser beam is reflected off the top of the

cantilever and to the photodiode detector.

The position of the laser beam is controlled by two screws (C and D in Fig. 2.2). It

takes some time to get used to setting the laser beam on the cantilever because they move



diagonally. The reflected laser light on the photodiode detector creates some current,
which is then converted to a voltage signal. The more light hits the detector, the more
current is created. Voltages on A and B are reported by digital voltmeters in the software
program we use to operate the AFM. We need two digital voltmeters for basic AFM
imagiﬁg. One of them is called A+B. This is the sum of the voltages measured by
segments of the photodiode A and B. For accurate imaging, we want this voltage to be as
large as it can be (about 1.5V to 2V). The other digital voltmeter is called A-B, and it
measures the difference of A and B voltages. To set the laser at the center of the
photodiode detector, we want this voltage to be as low as possible (100mV<x<100mV).
The A-B signal has 10X more gain than the A+B signal. This number can be negative
because it just means that the laser is spotted more on the B-side. Two screws, E and F in
Fig. 2.2, are used to move the photodiode detector. The screw E moves the detector
vertically, and it is used mostly when we are using Lateral Force Microscopy (LFM),
which will be discussed in the later chapter. The screw F controls the horizontal motion
of the detector. This screw also controls the A-B signal. When the A-B signal needs to
be more negative, the screw is turned counterclockwise: It is turned clockwise for
making it more positive. Another way to check whether the laser is spotted on the
detéctor is to see the laser intensity and position indicator located at G in Figure 2.2. The
indicator has a green LED at the center of it, and a green LED is surrounded by either
two or four red LEDs depending on which head is used. A green LED indicates that the
laser beam is on the detector. But when the magnitude of A-B signal is larger than
200mV, the red LEDs turn on. When there is a green LED lit and not a red one, the laser

is set properly on the detector.



After making sure that the laser is spotted on the detector properly, we may press the
“Approach” button to lower the head automatically to the sample. As the cantilever
scans through a sample, the cantilever moves vertically corresponding to the surface ofa
sample. Depending on the bending of the cantilever, the reflected laser will spot a
different position on the detector. The variation of the A-B signal is recorded. A
feedback mechanism controls the scanner. A computer then maps the topography. This
is the basic concept of how an AFM works.

In Dr. Heather Galloway’s lab, we have two different kinds of chips with cantilevers,

the Microlever and the Ultralever. The figure below shows both kinds of chips.

Figure 2.4 Two kinds of cantilevers: Microlever on the left and Ultralever on the right

One type is called Microlevers, and they are used for general purpose imaging. They are
made out of silicon nitride, and the top ofthem is coated with gold for high reflectivity.
They consist of one cantilever on one side and five cantilevers on the other side. Each
cantilever has the same thickness, but a different length, width, force constant and

resonant frequency. A table below shows all dimensions and other parameters.

Table 2.1 Dimensions of cantilevers on Microlever chip ~

Cantilever Type A B C D E F
Length (um) 180 200 320 220 140 85
Width (um) 18 20 22 22 18 18

Thickness (um) 0.6 0.6 0.6 0.6 0.6 0.6



Force Constant

(N/m) 0.05 0.02 0.01 0.03 0.1 0.5
Resonant

Frequency (kHz) 22 15 7 15 38 120

The second type of chips is called Ultralevers. They have two silicon cantilevers with

silicon conical tips on each side of the chip. These cantilevers are used for maximum
resolution. Ultralevers are doped with boron for lower resistivity of 0.001 Qcm 3. Like

Microlevers, the top of Ultralevers are coated with gold for high reflectivity. There are
two kinds of Ultralevers. One is used for contact mode, and the other one is for
intermittent/non-contact mode. 'fhese AFM modes will be discussed in the later section.
Typical dimensions and parameters for the contact Ultralever are listed below:

Table 2.2 Dimensions of cantilevers on contact Ultralever chip 3

Cantilever Type A B C D
Length (um) 180 180 85 85
Width {um) 25 38 18 28
Thickness (um) 1 1 1 1
Force Constant (N/m) 0.26 0.4 1.6 2.1
Resonant Frequency (kHz) 40 45 140 160

The non-contact Ultralevers have the same length and width as the contact Ultralevers do,
but have different thickness, force constant, and resonant frequency. Both force constant
and resonant frequency for non-contact Ultralever are much higher than those of contact

Ultralever. The parameters for non-contact Ultralever are listed below:

Table 2.3 Dimensions of cantilevers on non-contact Ultralever chip 3

Cantilever Type A B C D
Thickness (pm) 2 2 2 2
Force Constant (N/m) 2.1 3.2 13 17
Resonant Frequency (kHz) 80 90 280 320

Proper cantilevers are chosen for a certain experiment. For example, if we need to apply

voltage to the cantilever it is better to use Ultralevers because it has lower resistivity.
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Also, ifa certain resonant frequency of a cantilever is needed, we can check the tables
above.

The cantilever (H in Fig.2-2) is mounted on a cantilever holder (I in Fig.2-2). There
are two kinds of cantilever holders. One ofthem is used for regular AFM modes. The
other one is used when a voltage needs to be applied to the cantilever. This cantilever
holder has an insulator between the cantilever holder and cantilever when it is mounted
so that the voltage is only applied to the cantilever. The pictures of both cartridges

follow.

Cartridge for Cartridge for
Contact Mode Non-Contact Mode

Figure 2.5 The cartridges for contact mode and non-contact mode. The difference between these
cartridges is that the cartridge for non-contact mode has piezoelectric material to vibrate the
cantilever holder.

The cantilever holder is then mounted on one oftwo cartridges depending on what mode
is needed for the experiment. The cartridge is mounted on AFM (J in Fig.2-2). The first
kind is used for contact mode, and the other one is used for both intermittent and non-
contact modes. There are two differences in these cartridges. One ofthem is that the
cartridge for non-contact mode contains the piezoelectric material to vibrate the

cantilever holder at a specified frequency. The second difference is that there is a metal
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connection on the non-contact mode cartridge so that an electric potential can be applied
between the tip and the sample.

The scanner is mounted on the AFM (K in Fig.2-2). The scanner uses piezoelectric
material to move the sample in different directions. Piezoelectric is a polycrystalline
ceramic material, which shrinks, extends, or bends depending on how voltage is applied
to it. The piezoelectric material is polarized. The piezoelectric material used in the
scanner is a tube, which is separated into four sections. The diagrams below show how

piezoelectric works.

Figure 2.6 a) The piezoelectric material used as a scanner in AFM is a tube, b) when the same sign of
voltage is applied to the same sign of piezoelectric material orientation, c) when voltage is not

applied, and d) the opposite sign of voltage is applied.

Although the shape of piezoelectric material changes when voltage is applied, the volume
of it does not change. By applying the same sign and magnitude of voltage to all four
sides ofthe piezoelectric tube with the interior kept at ground, the tube will either extend
or shrink depending on whether the voltage is positive or negative. When different
voltage is applied to one section of the piezoelectric and the same voltage on others, a
piezoelectric will bend toward the section with different voltage. The displacement of the

piezoelectric material depends on length, thickness, and voltage applied. In our lab, we



have a 5um scanner and a 100um scanner. With the Sum scanner, we are able to take

images with a maximum size of Sum X 5pm. Similarly, with the100um scanner the limit
of the scanning range is 100pm X 100um. The main difference between these scanners is

the heights of the piezoelectric material inside of the scanner. The advantage of the Sym
scanner over the 100pum scanner is that we are able to get higher resolution in a small
scanning range due to its capability of a more precise moﬁon of the piezoelectric
material. The 100pum scanner has the advantage of software linearity correction, which
cannot be operated with the Spm scanner.
2.1.2 Forces Acting on AFM

Forces in AFM are very important. There are a few different forces acting between
the tip and sample that cause the cantilever to bend or deflect. Here is a graph which

shows which forces act at a certain separation between the tip and the sample.

quantum mechanical forces

«-—4 -
capillary attraction

D

van der Waals forces
< >
electric and magnetic forces
R >
; l i i I >
1A 1nm 10 nm 100 om Tpm
tip sample distance z,

sample surface

Figure 2.7 Forces acting between the tip and the sample are different depending on the separation
between them 4.

The most common force acting between the tip and sample is called van der Waals force.
It is a distance dependent attractive force that occurs when the tip induces weak dipoles
in the sample or vice versa. The van der Waals force for the object above the sample

varies as the inverse fifth or sixth power of the separation. As the separation increases,
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the inverse power of the separation decreases. As can be seen in the Fig. 2.7, electric and
magnetic forces act when the separation is large. The electric and magnetic forces varies
as the inverse square of the separation. When the atoms in the tip and the atoms in a
sample act as a weak electric dipole, they feel an electrostatic attraction between them.
When the tip is approaching to the sample, the tip and the atoms in the sample start to
feel the attractive force. The attractive van der Waals force dominates until the tip and
the atoms in the sample are a few angstroms away from each other. At this distance,‘ the
repulsive force dominates the attractive force. The repulsive force becomes stronger as
the distance between the tip and the atoms in the sample gets smaller due to the electron
clouds of each side overlapping. Unless the force exerted by the cantilever is bigger than
the bond strength of the sample atoms, the atoms are not able to get closer than this point;
On the other hand, if the force per atom exerted by the cantilever were larger than the
bond strength of the sample atoms, the atomic bonds in the sample would be broken.
Another common force acting on to tip of the AFM system is called the capillary
force. The capillary force is the force, which occurs due to the liquid layer on the sample.
The humidity of air produces a thin layer of liquid on the sample. The magnitude of this
force depends on the distance between the tip and sample. As long as the tip is in contact
with the sample, this force should be approximately constant. Because this force is due

to the liquid layer on the sample, there are few ways to avoid this force. One of the ways

is to operate AFM in vacuum. The vacuum must be less than 10 torr 3. Another way to
eliminate the capillary force is to submerge the AFM system (the tip and sample) in a

liquid cell. This technique will be discussed in chapter 5.
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The force exerted by the cantilever is like the force of a compressed spring. The
magnitude and sign (repulsive or attractive) of the cantilever force depend upon the
deflection of the cantilever and upon its spring constant, respectively. The total force that

the tip exerts on the sample is the sum of the capillary force plus cantilever forces.

2.2 Scanner Nonlinearities
Ideally, what we want in characteristics of a piezoelectric material is that, when
voltage is applied to it, the strain (a term for the ratio of the change in length of
piezoelectric material to the original length, Ay/y) varies linearly. An equation describing
this ideal relationship follows:
S=d*E Equation 2.1
Where S is the strain (/m), E is the electric field applied (V/m), and d is the strain

coefficient (4/V). Depending on what kind of piezoelectric material is used, the strain

coefficient is determined. As stated above, the condition described above is the ideal
case. The actual experiments do not agree with the theory above, and there are many
nonlinearities in a scanner.
2.2.1 Intrinsic Nonlinearity

The first nonlinearity is called the intrinsic nonlinearity. When the voltage applied to
the piezoelectric material and the extension of it used by this voltage are plotted, the
graph should be a straight line in the ideal case. But the graph in the actual experiment is

non-linear.
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Figure 2.8 Intrinsic nonlinearity of the scanner 3

The degree of the intrinsic nonlinearity is described by the percentage, which is
calculated by dividing the maximum deviation Ay from the ideal straight line by the ideal
linear extension y at that voltage. Because the piezoelectric material does not extend or
shrink linearly, the image for a well-spaced sample will have non-uniform spacing. This
nonlinearit& applies to all three dimensions.

2.2.2 Hysteresis )

The hysteresis behavior of the piezoelectric material is another type of nonlinearity.
Suppose we apply voltage to the piezoelectric material starting at zero, increase until
some voltage, and decrease the voltage back to zero. The graph of decreasing voltage ‘
does not retrace the graph of increasing voltage. This type of graph is called a hysteresis
curve. The degree of hysteresis is described by the ratio of the divergence between the
two curves to the maximum extension by a voltage. The AFM is capable of taking
images in two directions. Due to the hysteresis of the scanner, one image is shifted
slightly from the other one. Shift is also caused by the torsion of the tip. When a scanner
scans up and down a step of the same height, more voltage is required to go down the .

step than going up. So the image taken by AFM will have bigger displacements when a

scanner is stepping down, but this is a small effect.
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2.2.3 Creep

Creep is the nonlinearity that is caused because the scanner is not able to react to an
abrupt change in the features of the sample. So instead of a sharp corner, the AFM image
will have a rounded corner. The difference in extension of the scanner from the point
where the rounded corner begins to the poinf where it ends is called the creep.
2.2.4 Aging

The parameter of the strain coefficient, as explained above, varies exponentially with
time and use. When the extension of a piezoelectric material and time is plotted, the
graph for the scanner used regularly, shows the extension slowly increases exponentially.
The graph for a scanner not used regularly, show the extention gradually decreases. As
explained above, piezoelectric material is a polycrystalline material, and each crystal in
the material has its own dipole moment. When the voltage is applied to the piezoelectric
material regularly in the same direction, more and more dipoles start to align in that
direction. Because the deflection of the piezoelectric material depends on how m;lny
dipoles are aligned in that direction, more use causes larger deflection. When the scanner
is not used often, the dipoles in the piezoelectric material crystals begin to lose their
alignment. This causes fewer crystals to contribute to the deflection of the scanner.
2.2.5 Cross Coupling

The last type of nonlinearity that we are going to mention is called cross coupling.
Because the scanner bends in x and y directions by extending one side of tube and
shrinking the other side, the scanner moves in an arc, instead of moving in the plane of a

sample. This nonlinearity causes the images to have a bowl-shape without any
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correction. But our AFM is capable of subtracting the background curves using software
correction called the image processing software.
Most ofthe time, all of these nonlinearities are present. When the hysteresis, creep,

and cross coupling occur in a single step imaging, the image looks like the following:

VZ .
A | SPM image with
hysteresis, creep

and cross coupling

>y,

Figure 2.9 Effects of hysteresis, creep, and cross coupling

In Fig.2.9, the effect of creep can be seen at the points where comers are rounded. Cross
coupling causes the whole image to have arc shape, which can be seen both right and left
hand sides ofthe feature. The left side ofthe SPM image in Fig.2.9 is higher than the

right side due to the effect of hystersis.

2.3 Noise in AFM
2.3.1 Sources of Noise

In experiments with AFM, noise can affect our results. One ofthe sources of noise is
electrical from the devices around it. The electronic devices around AFM (including
computer to operate AFM, video camera, monitor, lock-in amplifier, and other electrical
like lights) have power supplied at 60Hz. This frequency is the most common noise, and

it is difficult to eliminate it.
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Another type of noisg we must worry about is physical vibration. Because AFM scans
a small area, vibration on AFM can be crucial. It is important not to shake the AFM and
a table that supports it. We also must be careful not to slam a door or talk too loudly. On
top of these physical problems, the AFM itself has system noise. The AFM noise also
includes the resonant frequencies of the building and table. There are two ways to
measure the system frequency. One of the ways is to set the scanning range to zero when
the tip is approached to the sample. By doing so the tip is stationary, and the tip, sample,
or both vibrate at the system frequency. After taking an image with the scanning range of
zero, go to the software called Proscan Image Processing in which we are able to analyze
the image line by line. When an image is taken at 1Hz, analyzed on an arbitrary line, and
it has 60 bumps on the cross-sectional display, the result tells us that the system
frequency is 60Hz. If there were t00 many bumps at low frequencies, increasing the
imaging frequency will make the display easier to read.

The second way to measure the system frequency of AFM is to use a RHK Control
Electronics Model STM 100. This device is usually used to control an STM. ALV
Signal Access Module box is a box that has five BNC connections, and one of them gives
A-B-signal depending on the internal connections. What we can do is to get A-B signal
from this box and put the signal to an auxiliary connection of a RHK box. The software
that operates a RHK box can do the fast Fourier transformation. The computer plots the
intensity on y-axis and the frequency on x-axis. By looking at the plot, we are able to
detect the system frequency of AFM. V

The software we use to get noise spectrum is called SPM32. There are few

parameters we must control when the plots are taken. To get the parameter box in
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SPM32 program, we can either press F1 button or right click on the mouse, Acquire,
Setup Acquire, and then Power Spectrum. The first parameter is the data source. This
depends on which one of inputs on back of RHK box we use. We usually use AUX.
Data range is the highest magnitude of voltage the software can handle. The highest
value is +/-10V. This parameter needs to be reducedl if the signal is too low. The “points
to acquire” is the number of points the software will take as data to plot. This parameter
depends on how much resolution we want. A set of 64k points is usually sufficient. The
“sampling rate” determines the frequency range, and this depends on which frequency we
are interested in. We usually use around 40kHz. To acquire the plot, just click on “noise
power spectrum” where it says “OFF” when you open the parameter box.

2.3.2 Noise Protection

To protect from electrical and acoustical noises, the AFM has a lid over the head. This
lid creates a Faraday cage. The basic idea of the Faraday cage is to surround the AFM
system by a continuous grounded conductor to prevent the entry of electrical signals from
outside of the lid. This concept is used in BNC cables, which we use to connect to the
system. The lid also shuts out light around the AFM. By doing so, only the reflected
light off the cantilever is detected by the photodiode detector. This is important because
the room lights have a small flicker at 60Hz.

To protect the AFM from mechanical vibration, the AFM is placed on a pneumatic
table, which can be floated by air pressure. Air pressure of ~65-75 psi is needed to lift
this table. The top weighs about 700lb, and it took six people to carry it. This table
isolates the microscope from the building vibrations. Another protection from

mechanical vibration is the construction design of the room that the AFM is located at.
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The slab is isolated from other rooms ofthe building so that the building vibrations can
be limited. Also, there are several cushions inside the AFM to isolate the head, scanner,

and sample from the pneumatic table.

2.4 Scanning Modes
There are three types of scanning modes in our AFM. They are contact mode, non-
contact mode, and intermittent mode. When the force versus distance is plotted for AFM,

it would look like the diagram below:

Figure 2.10 Forces vs. separation between the tip and the sample curve is plotted

As can be seen on this diagram, each mode has its own regime. Depending on what kind
of sample we use and what surface properties we are interested in measuring, we can
decide which mode to use to image. These modes are the subject of this section.
24.1 Contact Mode

Contact mode is the mode where the tip on the cantilever physically makes contact
with the sample to scan the surface ofa sample. The bending of a cantilever due to the

contact force is measured with the photodiode detector using the reflected laser offthe
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top of a cantilever. This mode is usually used for a hard surface sample. When a tip is
brought closer and closer to the sample, a tip feels the attractive force. This attractive
force increases until the point where the electron clouds of the tip and the sample create
the repulsive force. At the point where atoms of the tip and the sample are a few
angstroms apart (about the length of a chemical bond), the force betwéen them goes to
zero. As the distance attempts to decrease, the repulsive force dominates the attractive
force. But the distance cannot get closer than a bond length. In AFM, this is the point
where the tip makes contact with the sample.

There are two kinds of mode in contact mode. The most common mode used in AFM
is called the constant force mode. In this mode, the feedback loop circuit that operates
the scanner applies voltage to the scanner to keep the A-B signal constant, which relates
to the deflection of cantilever. By keeping the deflection of cantilever constant, the total
force applied to the sample by the tip is also constant.

The second kind is called the constant height mode and is not as common as the
constant force mode in AFM. In this mode, the scanner does not move vertically as it
does in the constant force mode. As the tip scans the sample, the cantilever moves
vertically. This causes the spot of the reflected laser beam to move over the photodiode
detector. The computer re(;ords the A-B signal for a grid of 256x256 data points to map
the topography.

2.4.2 Non-Contact Mode |

In non-contact mode, the cantilever vibrates at close to the resonant frequency as

measured off the sample.- The average separation between the tip and the sample is on

the order of tens to hundreds of angstroms. Applying an oscillating voltage to the
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piezoelectric material on the non-contact cartridge vibrates the cantilever. The diagram

below shows how non-contact mode works:

Photodiode

Topography
Image

Figure 2.11 The schematic that describes how non-contact mode AFM works. The difference
between the contact and non-contact AFM is that the non-contact mode cartridge has a piezoelectric

material to vibrate the cantilever holder.

As seen on the force versus distance curve, the non-contact regime is on the attractive
force side ofthe graph. The computer detects the resonant frequency due to change in
small attractive force, and the feedback loop applies a voltage to the scanner to keep the
resonant frequency constant.

To understand the relation between the resonant frequency ofa cantilever and
variations in sample topography can be explained as follows. The resonant frequency of
a cantilever varies approximately as the square root of its spring constant:

©= (keff/ myw2 Equation 2.2
where ais the resonant frequency, keffis the effective spring constant and m is the mass.

The effective resonant frequency is affected by the gradient of the total force between the

tip and the sample



23

ke =[k —(OF/0x)] | Equation 2.3
where k is the spring constant of( the cantilever and F is the total force. A term OF/0x is
needed because the force gradient varies as the separation between the tip ;hd the sample
changes. The negative sign in this equation is there because we assume that the positive
x direction is pointing away from the sample. So the first equation above becomes:

o = {[k — (5F/6x)] / m}*? Equation 2.4
Finally, the force gradient changes with tip-to-sample separation. Thus, changes in the
resonant frequency of a cantilever can be used as a measurement of changes in the force
gradient, which reflect the topography of a sample.

There are two main reasons that non-contact mode is more difficult to get topographic
images than contact mode. One of them is that the total force between the tip and the
cantilever is so small that it is hard to detect. The second reason is that for the non-
contact mode we must use a stiffer cantilever than for the contact mode because if the
cantilever is to soft, the cantilever is pulled towards the sample so hard that it breaks.

The advantage of non-contact mode over contact mode is that it can image a sample
with a soft surface without degrading the sample. The disadvantage is that if there is a
droplet of water on the sample and non-contact mode is used, the cantilever feels the
change in the resonant frequency over the water. Due to this change, the non-contact
topography woulfi look different from what contact topography would look like. The
diagrams below show the difference in the two modes. This could be used to detect

water or other liquids on the sample.
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Figure 2.12 The difference between how the images would look with the contact mode and non-

contact mode when the sample with a droplet of water is scanned

243 Intermittent-Contact Mode

In the intermittent-contact mode, the cantilever vibrates, as in non-contact mode, with
help ofthe piezoelectric material mounted on the non-contact cartridge. The difference
between these two modes is that in the intermittent-contact mode the tip is brought closer
to the sample until the point where the bottom part of cantilever’s oscillation actually taps
the sample. Because ofthis mechanism, this mode is also often called the tapping mode.
Like the non-contact mode, the amplitude of this oscillation varies as the space between
the tip and the sample changes, and the amplitude is recorded to map the topographic
images ofthe sample. The advantage of the intermittent-contact mode over the contact
mode is that the sample is less likely to be damaged because the tip only makes contact
when it is at the bottom of the oscillation. The advantage of the intermittent-contact
mode over the non-contact mode is that the AFM can detect a larger signal because the
cantilever is closer to the sample. When the cantilever is closer to the sample the

vibration ofthe cantilever is bigger, and that makes the signals easier to be detected.



CHAPTER 3

OTHER SPM TECHNIQUES USING AFM

3.1  Other SPM Techniques using AFM

AFM can be used to measure many other characteristics of the sample besides its
topography with some modifications. In this section, we would like to discuss a few
techniques: Lateral Force Microscopy, Magnetic Force Microscopy, Electrostatic Force
Microscopy, Phase Detection Microscopy, and Force Modulation Microscopy. In the
next chapter, we will discuss scanning capacitance microscopy.
3.1.1 Lateral Force Microscopy

In Lateral Force Microscopy (LFM), we must use a different head called LFM.
Unlike the head we explained earlier, the LFM head contains a photodiode detector that

is separated into four sections.

Figure 3.1 The difference in the photodiode detectors for AFM and LFM.

By using an LFM head, the AFM is able to detect not only the vertical motion of the
cantilever, but also the twisting or tilting motion. This twisting motion of the cantilever

arises from forces parallel to the plane of the sample, which constitute the frictional force
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between the sample and tip, and the change in slope. It is possible to tell the change in
the material of the sample by looking at the LFM images. As the tip scans through the
sample of the same material, the tip would maintain the constant motion. But when the
tip begins to scan through the different material, the tip will experience a different
friction force and will tilt due to that force.

The LFM mode also detects the change in the slope ofa sample. As the tip scans
through the features on the sample, the tip will tilt. When the tip goes up the feature the
cantilever will tilt in one way, and when it goes down the cantilever will tilt the other
way. The Cantilever will maintain the same tilt when it scans through a flat surface.
Two cases described above are illustrated below:

CastBever Castilever

Different
Macellai

LFM iinase |

Figure 3.2 Two kinds of LFM deflection: changes in sample feature on the left and changes in friction

of the surface on the right.

Because the twisting motion of the cantilever also contains the information about its
topography, we see both techniques simultaneously. By comparing the LFM and AFM
images, it is possible to separate morphology and composition images.

To focus the laser on the top ofthe cantilever, three digital voltmeters are used. The
first two are the same voltmeters we use for the regular AFM mode. Inthe LFM

photodiode detector, the equation [(A+C)+(B+D)] is used to get the total intensity on the
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photodiode detector. The [(A+C)-(B+D)] is used to describe the motion in the vertical
motion, where A-B is used for AFM mode. To fix the A-B signal in the LFM, the screw
F in Fig.2.2 is used. The tilting motion of the cantilever is monitored by the voltmeter
called LFM. The LFM voltmeter, [(A+B)-(C+D)], is used to detect the tilting motion.
The screw E in Fig.2.2 is used to set the voltage to < +/-100mV.

Here are some examples of LFM images we have taken. First four images are
tungsten film taken with an ultralever. The size ofthese images are 3pm x 3pm. The
two on the left are topography (one is a right-to-left direction scan and the other one is a
left-to-right direction scan), and the two on the right are LFM images. The second four
images are of a copper film taken with the same cantilever as the tungsten images. The

size of these images are 1pm x 1pm.

Figure 3.3 Contact AFM images and LFM images of tungsten film on the top and copper on the

bottom.

3.1.2 Magnetic Force Microscopy
Magnetic Force Microscopy (MFM) is a useful technique to detect the magnetic force

on the sample surface. In this technique, either non-contact mode or intermittent-contact
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mode must be used. Also, atip coated with a ferromagnetic thin film is used. A
ferromagnetic material is a material that shows local order of the magnetic spins. The
areas where the magnetic spins are parallel are called domains. The magnetostatic
interaction between the magnetic tip and the stray field above the sample changes the
resonant frequency ofthe vibrating cantilever. By detecting these changes in the resonant
frequency, MFM maps the magnetic domains of a sample. Topographic information ofa
sample is also contained in MFM images so the topography and MFM images can be
imaged simultaneously. How MFM works can be understood by looking the illustration

below:

rrn—--:t:i-= 1irry

M agnetic
Domains

Figure 3.4 The schematic that shows how MFM works. The magnetized tip moves vertically

corresponding to the magnetic domains of the sample.

The separation between the tip and the sample determines which information, i.e.
topographic or magnetic information dominates. When the tip is further away from the
sample than the non-contact regime discussed in section 2.4, the picture will mainly show

magnetic feature because the magnetic force varies as 1/r2(long distance) while the van

der Waals force varies as 1/r5(short distance) 4. As the separation decreases, the
topographic information begins to dominate. Here are some MFM images of a computer

hard drive taken by B. White, E Wittry, and H. Galloway at SWT.
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Figure 3.5 MFM images of a computer hard drive taken by B. White, E. Wittry, and H. Galloway at

SWT.

3.1.3 Electrostatic Force Microscopy

Electrostatic Force Microscopy (EFM) is very similar to MFM. Like MFM, EFM
uses an electrically charged cantilever to scan the sample in the non-contact mode. The
difference between these techniques is that the cantilever deflects as the charged domains
ofthe sample changes, instead of magnetic domains in MFM. The motion ofthe
cantilever determines the magnitudes of charge density ofthe sample. One of EFM’s
applications is a technique called voltage probing. In this technique, EFM images of an
electronic circuit, when a voltage is on and off, are taken to test whether the circuit works
properly without any electric leakage.
3.1.4 Force Modulation Microscopy

Elastic characteristics ofthe sample can be studied using Force Modulation
Microscopy (FMM). This technique uses contact mode, but an oscillating voltage is
applied to a piezoelectric to move either the cantilever or the sample. Depending on the
elastic characteristics ofthe sample, the cantilever vibrates differently. To keep the
deflection ofthe cantilever constant, a feedback loop is used to move the scanner. This

data is recorded to plot the FMM images. Because the vibration of the cantilever is on
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the order of hundreds of kilohertz, topographic information of the sample can be
distinguished from the cantilever deﬂe&ion.
3.1.5 Phase Detection Microscopy

Another technique used to study mechanical characteristics like elasticity, adhesion,
and friction of a sample is Phase Detection Microscopy (PDM). Either non-contact or
intermittent mode is used and a voltage is applied to the piezoelectric or the cantilever in
this technique. PDM studies the characteristics of the sample by seeing the lag between
the signal applied to the cantilever and the output signal of the vibration changes of the
cantilever due to characteristic changes of the sample.

cantilever oscillation signal

cantilever
phase
image

mp}
sample
actuator

T
out of phase

driving signai to sample actuator

Figure 3.6 There is difference in the phase lag depending on the mechanical characteristics of the
sample.

As can be seen in the diagram above, the lag can be detected by checking the point where
two signals are in phase and where they are out of phase. For the sample that can be
imaged with contact mode, it is better to use FMM because PDM is more complicated
than FMM. But PDM must be used to study the mechanical characteristics of the sample

that can be destroyed due to tip-and-sample contact.



CHAPTER 4

SCANNING CAPACITANCE MICROSCOPY (SCM)

4.1 Motivation for Scanning Capacitance Microscopy

Scanning Capacitance Microscopy (SCM) is able to detect the dielectric properties of
a sample. The capacitance is important in the semiconductor industry because a
dielectric is used for memory devices and the ability for memory to be stored accurately
depends on the amount of capacitance per unit area. The capacitance of a parallel-plate
capacitor can be calculated with the equation:

C =¢gA/d =ke,A/d Equation 4.1

Where € is the permittivity in the dielectric material, A is the area of the electrodes, d is
the separation between the electrodes, k is the dielectric constant, and ¢, is the
permittivity of free space (vacuum). To increase the capacitance, the industry could use a
material with higher dielectric constant, larger electrodes, and/or smaller separation
between the electrodes. Some companies in the industry manufacture complicated
shaped capacitors to have bigger areas. The only problem with this idea is the high cost.

There is a limitation in the separation distance between the electrodes. Once this is less
than ~20-504 © in the vacuum, there would be charge leakage in the capacitor. This

leakage can be caused by a quantum mechanical phenomenon, in which the electrons

tunnel across the barrier between the electrodes. Depending on the material’s dielectric
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constant, the separation distance can get much shorter. So the only option to maintain a
high capacitance per unit area is to use a material with a higher dielectric constant than
silicon dioxide (Si0;).

Also, capacitance is important to the semiconductor industry because increasing the
dielectric constant of the gate oxide can increase the speed of an integrated circuit (IC)
and also by decreasing the capacitance of space between interconnects. By increasing the
dielectric constant of the gate oxide, the thickness of oxide can be reduced while
maintaining the same capacitance. Because of the reduction in the thickness of the oxide,
less voltage is reqﬁired to operate transistors. Decreasing the dielectric constant of space
between interconnects decreases the time constant. The product of resistance and
capacitance has a unit of time. This can be easily understood when we look at the
equation for the charging capacitor:

q=CV*(1-e"*) i = dg/dt =(V/R)*e"*¢ Equation 4.2
Where q is the charge in a capacitor, C is the capacitance, V is the voltage, t is the time, R
is the resistance, and i is the current. Because the exponential value is dimensionless, the
product RC must have the same unit as the time. To increase the speed of an IC, the
resistance of interconnects must be reduced. Another factor of capacitance in the
semiconductor industry is the material used to insulate one component from others. For
this>purpose, a material with lower dielectric constant is desirable because of the equation
below.

RC = pel’/td = pke l*td Equation 4.3

Where R is the resistance, C is the capacitance, p is the resistivity, € is the dielectric

permittivity, le is the line length, t is the dielectric thickness, d is the line thickness, k is
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the dielectric constant of material, and sOis the permittivity in vacuum. The product RC
is called RC constant. RC constant of the device needs to be reduced because it has units
oftime. Ifthe value of this constant decreases, the operating speed of components
increases. In order to do so, researchers are trying to find new materials with low
dielectric constant. SiC=2has been very common material for this purpose, and it has
dielectric constant 0f4.2. Now SiOF is common (dielectric constant ranges from 3.8 to
4.2). Researchers are currently looking into materials like polymers (inorganic SiO-C),
which have dielectric constant of2 to 3. In the near future, polymers, porous oxides, and
air gap will be researched for this purpose.

For reasons described above, the capacitance is an important factor in the
semiconductor industry and needs to be studied. In this chapter, we will discuss how the

capacitive characteristic of semiconductor can be studied using AFM.

4.2 Theory of Scanning Capacitance Microscopy (SCM)

To take capacitance images, the AFM must be modified. The following diagram

shows how Scanning Capacitance Microscopy (SCM) is set up:

A-B Signal

Sample

Figure 4.1 Modification on AFM to take SCM images.
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The difference between the regular AFM-and SCM is that we apply an AC voltage of ~2-
3V, oscillating at the resonant frequency of the cantilever (about 45kHz), between the tip
and the electrode of the sample. Corresponding to the capacitive characteristics of the
sample the cantilever vibrates differently, and the change in the oscillating frequency is
recorded to map the capacitance images. Because the feedback of the AFM can only
operate at frequencies <1kHz, we use an instrument called a lock-in amplifier so that we

are able to operate the system in the frequency range of about 45kHz. Also, at high
frequencies, it does not oscillaté the sample. What the lock-in ampﬁﬁer does is that it
measures the amplitude of the signal coming from the AFM at the specific frequency of
the AC bias voltage. The lock-in amplifier is basically a narrow band filter that only
amplifies a certain frequencies. As the other frequencies are not amplified, noise is
suppressed.

The lock-in amplifier could also measure the amplitude of the input signal at twice the
frequency of the reference signal. This feature comes out to be useful when the
capacitance images are being taken. The energy stored in a capacitor can be calculéted
by the equation:

U= (1/2)*CV2‘ | Equation 4.4
Where C is the capacitance and V is the voltage applied to a capacitor. The force on
capacitance due to this energy is equal to the negative gradient of the energy:
F, = (-VU), = (8C/d2)*(V?*/2) Equation 4.5
Where V=Vosin(ot) because the voltage applied to the system is AC. So the equation

above becomes:

F = -(1/2)* (8C/02)*(V,>sin2(et)) = (1/4)* (8C/0z)*(V. (cos2wt-1))  Equation 4.6
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What we are measuring in SCM images is the force that is proportional to the derivative
of the capacitance of the sample. By looking at the equation above, we are able to see
why second harmonic is important in SCM. The following plots show the difference in

1f (frequency) and 2f (two times frequency) when we plot the amplitude versus the
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Figure 4.2 The difference in the plots where the amplitude of the signal versus frequency. The plot

on the left is 2f, and 1f on the right.
Note magnitude of y-axis is different in these two plots. The plot 2f versus amplitude has
much higher signal to noise ratio.

For SCM, pickup sensitivity for taking capacitance images is very important
parameter. The sensitivity is the ratio of change in diode voltage, v, with respect to the
change in the stylus-to-sample capacitance, Cgg, and it can be calculated with an equation
below:

AV/ACss = (dv/df)*(dffd Css) Equation 4.7

Where f'is the frequency of the resonant circuit. Because a plot for the resonant
frequency is in bell shaped, v = Vp/(1-++2(£,-f)/B)*)"?, where V5 is the detected voltage at

maximum value on the bell shaped curve, f is the resonant frequency, f;, is the drive
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frequency, B is the —3dB bandwidth. Then after few assumptions, the equation above can
be simplified to:
| AV/ACss = a*(y/C)*(Vei/B) Equation 4.8
Where o is the constant of proportionality and is equal to (3)"%/4, y is a coefficient of
frequency sensitivity, and C is the total capacitance. By looking at this equation,
increasing the sensitivity for capacitance detector can be achieved by applying high drive
voltage and operé,ting at a high frequency 8.
The carrier-to-noise (CNR) ratio is also important factor for increasing the pickup
sensitivity. This ratio can be expressed by:
CNR = Av/(n2+n3)"2 = (Av/ng)/(1+ne/n,)?) 2 Equation 4.9
Where Av is the output carrier level, n, is the noise originating in the sample, n, is the
noise generated in the pickup circuit 8.
Because the lock-in amplifier in our lab can only detect up to 100kHz and the fact that
second harmonic is used, there is a limitation of tips that we are able to use in the
experiments. The limitation is that the cantilever cannot have a resonant frequency over

50kHz. Also, we must use Ultralevers or cantilevers that are coated with a conductive

material so that a voltage can be applied over the tip and the electrode of the sample.

4.3 Data

The first experiment we did with the SCM was to do a capacitance analysis of a
sample given by Motorola. The sample is 6004 Barium Strontium Titanate (BST) laid on
10004 platinum, which is laid on 40004 of oxide. All of these materials were grown on a

silicon wafer. To understand the capacitive characteristic of the sample, we did four
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different analyses. These experiments are capacitance as a function of voltage, set point,
frequency, and position on the wafer. These experiments are the subject ofthis section.
4.3.1 Capacitance as a Function of Voltage

In this experiment, we kept all parameters constant except the voltage we applied to
the tip and the sample. We varied the voltage from 0.1V to 5.0V by every 0.5V. We
started to take data at 0.1V because there is not any capacitance when zero voltage is
applied. For each voltage, we took three images so that we were able to take average of
height. Starting at the data for 4V, we had to change the sensitivity ofthe lock-in
amplifier. For each voltage, we took three images so that we were able to take average of

height. The following is the data we got from this experiment.

Voltage (V) Avg height (V) Standard deviation (mV)

01  0.058733333 0.000208167 Voltage dependence on roto 3with both
05 0217333333 0.002546611 sersitivities (100mVand 20m)
1 0713333333 0.005773503
15 1496666667 0011547005 C "~
2 258 002 2D
25 3.96 0.017320508 g gl
3 5.62 0017320508 @ o
35 7543333333 00200011 < H
4 4883333333 0.011547005 °
45 6.136666667 0.028867513 \oltages goplied by the ladein anrplifiisr(V)
5 7.496666667 0.015275252

Figure 4.3 Voltage dependence on Moto 3 with both sensitivities (IOOmV and 200mV)

As can been seen on the graph, there is a big drop at 4V. At first, we were not sure what
caused this drop. But we concluded that this was caused by the change of sensitivity. So
we then plotted a graph with the sensitivity of IOOmV, and we also plotted a graph with
sensitivity of 200mV separately. The results for the sensitivity of IOOmV and 200mV

follow:
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Voltage (V)  Avg height (V) Standard deviation (mV)  Sensiti\ity (mV)
01 0.068733333 0.000203167 100

05 0.217333333 0.002546611 100

1 0.713333333 0.005773303 100

15 1.486066667 0.011547006 100

2 258 0.02 100

25 356 0.017320308 100

3 5.62 0.017320306 100

35 7543333333 0.023094011 100

Voltage (V) Ayg height (V) Standard dev (mV)

Voltage dependence analysis
0.1 0.054233333 0.00550757 of capacitance signel
0.5 0.144 0.001
1 0.429 0.003 I 1 1 1 1
1.5 0.886666667 0.005773503 - — /
2 151 0.01 Calculated /
25 2.28 0.01 . !
3 3.21 0.017320508
3.5 4.303333333 0.005773503
4 5.556666667 0.025166115
4.5 6.943333333 0.015275252 0 1 23 #5678 s 10 mon
Applied Voltage (V)
5 8.443333333 0.040414519

Figure 4.4 VVoltage dependence with 100mV sensitivity on the top, and voltage dependence analysis of
capacitance signal.

The second graph (sensitivity of 200mV) also includes both experimental and calculated
data. We assumed by that these graphs are in a function of square of voltage (y=A*x2
where A is a constant). So what we did for calculated data was to subtract the calculated
value from the experiment value for each voltage and square the value. The number at
the right bottom comer is the sum of all these values. We did this because we wanted to
calculate x to fit the curve with a following equation:

x2= Si[(yith- yie)ZcriZ] Equation 4.10
Where yj is the theoretical value, y “ pis the experimental value, and Oi is the standard
deviation for each data. What we did was to get the largest x for using a second power

function by varying the constant A and compare the value with the smallest x value for

different power function. The largest value of x2for second power function we
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calculated was 4539.44. The smallest value for %ythat we got for third power function
was 74161.1. The smaller the number is, the graph is more fitted so that we can say that
the second power function is more fitted than other power functions.
4.3.2 Capacitance as a Function of Set Point

We then varied the value of set point and kept other parameters constant. As we
explained in chapter 2, the set point controls the amount of the bending of the cantilever.
First, we varied the set point every IOnN from -20nN to 50nN and plotted the
corresponding average height. Because the cantilever we were using broke, we began to
take images with new tip at 40nN. All ofthe data we got was from 1pm x 1pm images.

The following table lists the results we got from this experiment:

Set P jnN)  Average height (V) Standard deviation (mV) St partarelyssiat
-20 6.73 53.3
-10 6.62 46
0 6.54 48.2
10 6.5 39.2
20 6.45 38.8
30 6.41 315
40 6.87 57.2
50 6.73 55.7 3 -3 10 0 10 20 30 40 50 o
Sei point (NM)

Figure 4.5 Set point analysis of Moto 3.

Because a new tip is used, the graph increases dramatically at 40nN. Next, we used a
brand new tip and did the experiment. These images are taken at 0.5pm x 0.5pm size.

The results follow:
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Set pointanat™is (O5wry

Set P (nN)  Average height (V) Standard deviation (mV)

-20 6.7 48.5

0 6.65 455
20 6.57 433
40 6.52 42
50 6.47 435

-30 -20 -10 0 10 20 30 40 50 00
Set point (nH)

Figure 4.6 Set point analysis (0.5pm)

As we see the results, we conclude that as the set point increases, the force between the
tip and the sample also increases. So this experiment makes sense because ifthe tip is
pressed hardly against the sample, the tip is not able to vibrate as much as it wants to.
These graphs seem to be linear.
4.3.3 Capacitance as a Function of Frequency

In this experiment, we first picked the resonance frequency using the non-contact
clock. What this technique does is that a computer applies the voltage with different
frequencies to the cantilever and detects the frequency with the highest oscillation. This
technique is used when non-contact mode is used. The cantilever we used for this
experiment had its resonant frequency at around 45.35kHz. What we were interested in
was how capacitance signal depends on the frequency of a voltage applied to the tip and
the electrode ofa sample. We selected the resonant frequency and +/-0.25V, +/-0.5V, +/-
1.0V, and -1 .5kHz ofthe resonant frequency to take data. We took five images for each
frequency and calculated the averaged capacitance signal. The data for this experiment

follows:
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Frequency (kHz) Ave height (V) Standard dev (mV)

43.85 1.34 2.11E-08
44.35 1.858 0.0083666
44.85 2.808 0.022803509
45.1 3.338 0.0083666
45.35 3.86 0.018708287
45.6 3.656 0.005477226
45.85 3.114 0.005477226
46.35 2.048 0.004472136

Figure 4.7 Frequency analysis of Moto3-A

The results that we have are consistent with the theory. Theoretically at the resonant
frequency, the highest average capacitance signal is detected. As the frequency goes over
the resonant frequency, the capacitance signal begins to decrease. One thing that we do
not understand is that, above the resonant frequency, the SCM images invert in the
respect of the images before the resonant frequency. Here is an example of this

phenomenon.

Figure 4.8 SCM images of Moto3 at different frequencies (from left 44.35kHz, 45.35kHz, and
46.35kHz).

An image in the middle was taken at the resonant frequency ofthe cantilever, 45.35kHz.
One on left was at 44.35kHz less than the resonant frequency, and one on right was at
46.35kHz. As can be seen on the images, the one on right seems to be inverted in the

respect of two images on left.
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4.3.4 Capacitance as a Function of Position on the W afer

When the sample was given to us, Sufi Zafar at Motorola told us that the sample has a
variation in the dielectric constant from the center to the edge. The dielectric constant is
about 40% higher in the center with respect to an edge point. To verify, we cut the wafer

into four little pieces; from the center of it to the edge as shown in the diagram below:

Figure 4.9 How the wafer was cut into pieces A, B, C, and D.

For each piece, we took ten SCM images and averaged the capacitance signals to see

whether there is 40% difference. The data we got follows:

Moto3-A (?)  Moto3-B(V7 Hot3-C[V)  Hoto3-0[V)
117 358 367 39
*13 353 366 33
tl 35 365 3.82
*03 3%5 36* 3.82
3.99 3+ 36+ 38
3.89 335 359 374
3.as 331 359 37
378 327 358 3.68
376 3.28 358 3.68
37 3.32 357 3.66
333
Awrage = 391 339181818 3617 3.773
Standard deviationl  0.1605633 01093516 0638311588 068692909

Figure 4.10 Plot of average heights at each section.

By looking at the data and graph above, our result is not consistent with what Zafar told

us how it is.
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4.4 Non-Contact SCM

We are able to take capacitance images with AFM’s non-contact mode. This
technique is called non-contact SCM. This technique is used when you do not want to
have any friction forces between the tip and sample or when the material is too soft for
contact mode. What we do is that we first approach the cantilever to the sample by a
regular non-contact AFM method. After completing the approach, we applied AC
voltage between the tip and sample as we do in regular SCM technique. But in non-
contact SCM, we usually apply little bit more voltage because of the separation between
the electrodes. Here are examples of non-contact SCM. The sample is the same one we
used in the experiments in the previous section.

MuH Image Preserrtatior

LA V]
0 04 OSpm

AUX4. 00170014 HOF

1'fornc*. 11 " 1 I-il
Figure 4.11 Topography and non-contact SCM images of Moto3.

When the regular SCM images are compared with non-contact SCM images, it is clear
that non-contact SCM images have lower resolution. There is also a technique called

tapping mode capacitance microscopy where the tip sometimes makes contact with the
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sample while it is vibrating off the sample. This technique gives better resolution

compared to the non-contact SCM, but less resolution than contact SCM.

4.5 RCA VideoDisk Technique

In late 1970s, researchers used the capacitance pickup device ‘ﬁ'om RCA VideoDisk to
take capacitance images. RCA VideoDisk reads signals from a disk, which contains
video and audio information. The stored information is read by measuring the
capacitance between the stylus and disk as the stylus is guided through a fine spiral
groove on the disk. To store and detect capacitance as a signal, the disk must be
conductive or must have a conductive layer on the disk. One of the advantages of using

RCA VideoDisk is that it can detect is that it can detect capacitance as small as 10™pF

8,9, Another advantage is that, because it can resolve the signal elements much smaller
than the wavelength of light, it is very reliable to reproduce high quality signals.

The stylus used in this system is made of diamond and sapphire. Electrode is coated
on the trailing face of the stylus. The stylus tracks the groove on the disk with its

triangular shape. The thickness of electrode ranges from 1000-15004 9. The diagrams

that describe how stylus and disk interact follow:
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|- DISC MOTION

<B)

Figure 4.12 Perspective and cutaway views of stylus and coated disc ~>10.

The following diagram explains how capacitance between the stylus and disk is measured

when pickup circuit is operating at 915MHz:

osClLiaTop
915 MHj

Figure 4.13 How SCM with a transmission-line pickup circuit is set up

For taking capacitance images of thin films, a cantilever ofthe AFM can be used as a
stylus. Also, the electrode ofthe sample must be connected to the system. By doing so,

capacitance can be measured as a cantilever probes the sample. Using RCA VideoDisk

capacitance pickup sensor, p-njunction analysis can be done 11-14.



The disadvantage of this system is that it is very difficult to find this device. It has
been more than 20 years since RCA VideoDisk was produced. Only few companies

handle parts for it.
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CHAPTER 5

LIQUID CELL

5.1 Theory of Microcell

Liquid cell is a technique used to take AFM images of a solid surface covered by a

liquid using the component called microcell, shown below.

Figure 5.1 Top and side views of a microcell.

The basic concept of this technique is to insert liquid into the space between the microcell
and the sample. Instead of spotting the laser beam on the cantilever directly as in a
regular AFM, the laser beam must pass through the window (glass) on the microcell and
through the liquid in the microcell before hitting the cantilever. Because of the refraction
at each interface, it is very difficult to reflect the laser offthe top ofthe cantilever and to

catch the reflected laser beam on the photodiode detector.

47
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Figure 5.2 The diagram that shows how liquid cell works, and it shows that the laser beam must pass
through a glass window and liquid before hitting the top of the cantilever. The laser beam then must

pass through the liquid and a glass window again to the photodiode detector.

5.1.1 Modifications

A problem we had with the system shown above was that this microcell was
manufactured for use with water or any liquid with high surface tension. When we used
a solution with low surface tension, the liquid tended to leak out from the sides ofthe
microcell. This is why we needed to redesign the microcell. Our idea was to construct a
tub to hold the liquid. Teflon was chosen to make a tub because it does not react with
many solutions, is easy to machine, and because of its availability. We machined a piece
of Teflon (2cm x 2cm x 0.4cm) to create a tub space of 1.7cm x 1.7cm x 0.2cm. This
size was chosen so that AFM head can properly approach the sample. A sample must be
smaller than the tub and is placed inside of this tub. Our idea was to use a regular AFM

cantilever and a cantilever holder and operate as in regular AFM.
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Figure 5.3 The liquid cell technique using the regular cantilever holder and a tub that is made out of

Teflon. The sample is set inside of the tub before the liquid is inserted into the tub.

The problem with this system was that it was very difficult to spot the laser on the
cantilever and back to the photodiode detector because of the curved surface that the
liquid makes due to its surface tension. Again, we had to come up with a new design.
Our next idea was to use a Teflon tub and the microcell at the same time. By doing
so, the window on the microcell makes the top ofthe liquid flat and allows us to easily

spot the laser on top of the cantilever.

Photodiode Laser
Detector

Figure 5.4 The liquid cell system using both the Teflon tub and microcell. This system makes the top
of the liquid flat so that spotting the laser beam is easier.

Because Teflon has a high thermal expansion coefficient, we need to make a tub with a
material called Kel-F. It is a homopolymer of chlorotrifluoroethylene that has excellent

thermal characteristics and maintains an operating temperature range of-400F to 400F.
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It also has the lowest vapor transmission rate of any plastic. Another improvement we
will use is to use a pump to flow liquid in and out the tub to keep the temperature ofthe
system constant. The flow rate is very crucial. Ifthe flow rate were too fast, it would be
the source of noise when images are taken. Ifthe flow rate were too slow, images would
have thermal drift. Another reason for the pump is to change pH ofthe solution while
images are taken to see whether pH of the solution affect the imaging or not. The

following diagram shows the design with a pump.

Laser

Figure 5.5 The liquid cell with a pump is designed to flow the liquid to keep the temperature of the
liquid constant. Another reason we designed this system is to vary the pH of the solution to see the
variation in the features on the sample.

The last modification was to use only a few drops of solution. Using a syringe, a few
drops ofthe solution are dropped onto the microcell. Although the surface tension ofthe
liquid is not high, the liquid would stay on the microcell even if the microcell were

flipped.



51

Figure 5.6 The liquid cell system using only few drops of the solution.

The advantage of this technique is that a smaller amount of liquid is required to do the
experiments.
5.1.2 Operation of Microcell

Operation of microcell is very similar to that of regular AFM. First, the cantilever
chip must be mounted into the microcell. There is a spring that holds the cantilever chip
tight to the microcell. This spring needs to be pushed from the other side to insert the
cantilever chip. Once this is done, the microcell is mounted on the regular cartridge used
in the AFM. Before inserting it into the head of AFM, a few drops of the solution is
dropped to the microcell. We then insert the cartridge with the microcell into the AFM.
Three screws on AFM head can be used to make sure that the cartridge is held tight to the
AFM. This needs to be done because any unwanted movement can cause mechanical
noise. At this point, we need to focus the laser on top ofthe cantilever as we do in the
regular AFM and make sure that the A+B signal is higher than IV (much lower voltage
when compared to that of regular AFM) and the A-B signal is as low as possible. We
then wait until the solution reaches the room temperature, and the A-B signal settles
down. When the A-B signal is settled, we need to lower the head until the solution hits

the sample, but not the tip in the microcell to avoid the breakage ofthe tip. Once the
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liquid hits the sample, the A-B signal needs to be set near OV (<200mV) again because
the cantilever is slightly pushed upward due to the contact. The AFM head can then
approach the sample automatically as in the regular AFM. The parameter “Gain”
represents how fast the feedback ofthe AFM reacts to the change in features on the
sample. It is very crucial not to have noise in the liquid cell because the noise affects not
only the cantilever and other AFM components, but also the liquid.
5.1.3 Window Replacement

When we used isopropanal as a solution, it dissolved the glue that holds the window
of microcell to the microcell. We had few replacements, but we found out that we
needed to use ultraviolet (UV) curing glue. Because we did not have an UV gun
available, we had to design the curing system with an UV source (mercury vapor lamp)
we found in the storage room. The UV source was converged with a convex lens at the

focal length of the lens as shown below:

Figure 5.7 UV curing glue is used to replace the window on the microcell. The microcell is set at the

point where UV light is converged, the focal point of the convex lens.
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Although a UV gun with certain intensity would take only few minutes to cure the glue,

our UV source took about 3 hours to cure because of its weak intensity.

5.2 Chemical Mechanical Polishing (CMP)

Chemical Mechanical Polishing (CMP) is the process used in the microelectronic
industry to make the surface of the wafers flatter and smoother. As the name implies, it
polishes both chemically and mechanically. CMP has become an important process in
the industry as the number of layers used in the microelectronic fabrication process has
increased as well as due to the decreasing tolerance in depth of focus of the light sources
used to create smaller features. The flatter the surface of a wafer is, the more layers can
be deposited. Tungsten and copper were two materials that we are interested because
tungsten has been the most common used material for the plugs and copper as
interconnects in the microelectronic fabrication. So it is required to understand how these
materials are actually polished by the CMP procerss. In this section, we will discuss how
CMP works.

A CMP system consists of a wafer located on a polishing head, a slurry with abrasive
particles and corrosion inhibitor, and a polishing pad placed on a polishing plate. The
wafer and the polishing pad actually make contact. Both a polishing head (wafer
attached) and a polishing plate (polishing pad attached) rotate in the same direction while
pressure is applied on a polishing head. Slurry is also poured between the wafer and
polishing pad. There are abrasive particles in the slurry as stated above. These abrasive
particles polish mechanically. Chemical and abrasive particles used in CMP are

determined depending on which material must be polished. The polishing pad is there for
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the same reason there is a paper for sandpaper. The diagrams below show how CMP

works:

Figure 5.8 The figures on the left show how the unpolished sample differs from the polished sample.
The figure on the right shows how CMP process works. The slurry, which consists of the chemical
solution, corrosion inhibitor, and abrasive particles, is poured onto the surface of a polishing pad.

Both the wafer and polishing pad rotate in the same direction with pressure applied to them.

5.3 CMP Simulation at the Atomic Scale Using AFM
My main project was to simulate the CMP process at the atomic scale using AFM. To

understand how this works, the following diagrams are helpful.
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CMP with Polisher

Abrasi’
Particl’

Rotating Polishing
Plate

CMP with AFM

yw afer

Figure 5.9 The figure on the top shows how CMP with a polisher works. The figure on the bottom
shows how we simulate the CMP process with AFM. Everything is pretty much the same except the

tip of the cantilever is used as the abrasive particles in the CMP process with a polisher.

The diagram on the top describes how the CMP process occurs in a polisher. Wherever
abrasive particles make contact with a wafer with a layer of corrosion inhibitor molecules
on top of it, the CMP process takes place. To simulate this with the AFM, we used the
cantilever and the tip ofthe same material as the abrasive particles in the polisher. Also,
the chemical solution we used was the same as some ofthe constituents of commercial
slurry. The microcell was used to keep the solution when the images were taken. All the
area covered by the microcell was exposed to the chemical. But only in the area where
images are actually taken does the tip make contact with the sample. In other words, this
is the area that is exposed to the chemical and mechanically scratched by the tip on the
cantilever. Ideally, what we hope to see is a “hole” at the area where the tip actually

makes contact with the sample.
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5.4 Expeﬁments
5.4.1 Samples, Chemicals, and Abrasive Particles
There are many different combinations of chemicals and abrasive particles to smooth
_surface of certain material. Tungsten and copper are our two interests of material to be
removed by CMP process because they are processed by CMP in the microelectronic
fabrication industry. Here are a few combinations of the material, the chemicals, and the
abrasive particles used in industry.

Table 5.1Combinations of material, chemical, and abrasive particles used in CMP process in the

microfabrication industry. We tried these combinations to simulate the CMP process at the atomic

scale 13,
Material Chemical Abrasive Particles
Tungsten Hydrogen Peroxide (H,0,) Alumina (Al,05)
Tungsten Potassium Iodate (K103) Alumina (Al,O3)
Copper Hydrogen Peroxide (H,0) Alumina (ALLO5)
Copper Nitric Acid (HNO3) Silica (Si02)

Because hydrogen peroxide can be used for both metals, I started with hydrogen
peroxide. The problem we had with this solution is that it oxidizes very easily creating
bubbles inside of the solution. It is very crucial not to have bubbles in the microcell
because the bubbles are not able to get out from the microcell and are stuck there. This is
a problem because AFM uses a laser to map the topography of the sample. The bubbles
interfere the path of the laser beam, either the laser beam does not reach to the top of the
cantilever or the reflected laser beam off the cantilever does not reach the photodiode

detector. The following diagram and picture show this problem in the microcell.
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Figure 5.10 These diagram and picture show how bubbles inside of the liquid cell affects the path of
the laser beam.

| then tried potassium iodate, but this solution had a thermal drift problem. Thermal
drift occurs because ofthe change intemperature. As the temperature inside the
microcell changes the size of cantilever also changes. Because of this, the A-B signal is
not stable.
5.4.2 Copperwith HNO3(0.063%) without Benzotriazole (BTA) and a Silica Tip

Because ofthe reasons stated in the previous section, we chose to use nitric acid on a
copper film with a silica tip. We did not use the corrosion inhibitor, benzotriazole
(BTA), in this experiment. What we were looking for was the change in the grain
features as images was taken. We took images at an area of I[pmXIpm, and at 2Hz.
There are 256 data points in both x and y directions. At a line scan of 2Hz, it takes 1
second to image 2 lines ofthe whole image. So it takes 178 seconds to take an image at
2Hz. The set point for the cantilever (approximate force between the tip and the sample)

was 5nN. Here are the images taken with the parameters described above.
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Figure 5.11 The liquid cell images of copper with nitric acid (NHO03) as the chemical. As shown in the
images, the features on the sample surely changed. Each image took about two minutes to be
imaged.

As can be seen in the images above, the features of the grains change dramatically as 8
images were taken. We believe that this is caused because we did not mix the corrosion
inhibitor in the solution. To see what was going on in this area, we decided to take a
bigger image with a Ipm XIpm area that we took images of at the center. First, we took

images at 4pmX4pm, and then at 3pmX3pm. The following diagrams show what

happened.
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Figure 5.12 The images which were taken after IpinXlpm images. Ones on the top are 4pmX4pm
images and ones on bottom are 3pmX3pm images. In both sizes, almost perfect square of IpmXIpm
can be seen where we took I[pmXIpm images earlier. Two images on right are images that were

flatten by the software.

Two images on the left are images before images were corrected by software to fix the
nonlinearlity. And two on right were after the correction. As can be seen in the images,
there is about a Ipm XIpm square located at about the center of each image. This proves
that the area that was scratched and exposed to chemical is polished more than elsewhere.

The area that was scratched was about 500A deep. Because we took 8 images at
IpmXIlpm, it scratched olf 62.5A per image. As | stated above, the roughness is high
compared to the previous experiment because we did not use the corrosion inhibitor.
5.4.3 Copperwith HNO3(0.063%) with BTA and Silica Tip

The whole purpose ofthe CMP process is to make the surface ofthe sample flat and

smooth. As we saw in the previous subsection, we do not want the roughness to increase.
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To see if BTA affects the roughness of the sample, we mix BTA with the same solution
we used for the earlier experiment. What we believe BTA does is that, as soon as the
solution makes contact with the sample, a monolayer of BTA molecules are laid on top of
the sample. BTA molecules protect the sample from the chemical. The BTA molecules
are removed from the area where the tip makes contact with the sample. Only this area is
exposed to the chemical, and the CMP process occurs. But as soon as tip moves away
from the area, another monolayer of BTA molecules is laid and protects the sample. The

diagrams below illustrate this process.

Figure 5.13 These diagrams show how the solution with corrosion inhibitor like BTA would create a
monolayer on top of the sample. When the solution with BTA makes contact with the sample, the
monolayer of BTA molecules is laid. Only the area the tip on the cantilever makes contact is where

CMP process occurs.
The parameters we used for this experiment were a set point of 136.5nN and scan
frequency of 2Hz. Again we started to take images at 1pm XIlpm and took eight images.

The results are shown below.
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11160000 11160002 11160004 11160006
RMS Roughness = 3.6Snm RMS Roughness =3.47nm RMS Roughness =1.S3nm RMS Roughness =2.11mu

1116000S 1116000a 1116000c 1116000e
RMS Roughness =1.50ran RMS Roughness =1.43nm RMS Roughness -1.44nm RMS Roughness = 1.55nm

Figure 5.14 The liquid cell images of copper with nitric acid (NHO03) with BTA. Once again the
features on the sample changed. Also, the RMS roughness of images decreased as more images are
taken. Each image took about two minutes.

As we saw in the earlier experiment, the features on the sample changed. On top ofthat,
the roughness ofthe film decreased as more images were taken. This is consistent with
our theory. As we did earlier, we took 3pmX3pm images and 4pmX4pm images

afterward to see the hole on the copper film. The following images are the results.

Figure 5.15 The image on the right is taken at 3pmX3Jim. We can see better square of IpmXlgm in
the image. The roughness is smaller than the images taken with the solution without BTA init. The

image on the right is 5pmX5pm image. Within the image, we are able to see both IginXlgm and

3pmX3pm squares.
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One on the left is a 3umX3pum image, and a square of about 1umX1um can be seen. The
roughness inside of this square is 38.2A, and that of outside the square is 76.4A. This
proves that CMP process used in the microelectronic fabrication industry can work at the
atomic scale. The image on the right is a 4umX4pum image. The interesting thing about
this image is that not only we saw the 1umX1um square at the center, we can see where |
3um*3um images are takeﬁ before this image was taken. The roughness inside the
1umX1um square is 35.8A, that of inside of square of 3umX3um without 1pmX1pum
square is 111A, and that of inside of 4umX4pm image without 3umX3pm square is

143A. We can say that the area where the tip made contact with the sample is much

smoother than elsewhere.



CHAPTER 6

VIDEO CAMERA FOR SPOTTING LASER ON CANTILEVER

6.1 SetUp

To spot laser on the cantilever, a regular microscope is used. A problem with this
system was that every time we try to spot the laser, we had to peak through the
microscope. To make spotting the laser on top of the cantilever easier we designed a

video camera system. The system is shown in figure below.

Figure 6.1 Video camera system designed to make focusing the laser beam on the top of the

cantilever easier (the whole system can be seen in Figure 2.1).

Basic components of our video camera system are a microscope, a video camera that can
be mounted on the microscope, a monitor, and a stand to hold both microscope and video

camera.
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6.1.1 Stand

The stand is capable of moving towards and away from the AFM using the ball baring
so that after spotting the laser on the cantilever, the microscope and the video camera
slide so that we can cover the AFM with a lid for noise protection. The stand also can
move in a circular motion for the same purpose.
6.1.2 Microscope

The microscope we use in this system is Leica GZ7 model, and it is focused using two
knobs located front of it. These two knobs move the microscope vertically. A knob on
the top of a microscope magnifies by up to seven times. A useful thing about this
microscope is that we are able to peak through the microscope with eyes, without using
the video camera and monitor.
6.1.3 Video Camera and Monitor

The video camera from Panasonic is easily mounted onto the microscope, which
transfers the images to the monitor. If the images are not as bright as we want, we use a

fiber optic illuminator to spot the cantilever for better images.

6.2 Resolution

To measure the resolution of video camera system we built, we first looked at one of
two cantilevers we have in our lab, Microlever. The smallest feature on the Microlever is
the width of the cantilever, indicated on the diagram below. The width of the smallest
cantilever is 18um so we knew then that the resolution of this system is smaller than
18 um. Next we examined a 9.9um grating used to calibrate AFM. When we measured

a distance between thick lines, it was about 1mm. Because there are about 100 thinner
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lines in between, we determined that each little grid we see on the diagram below is

9.9pm. So that the resolution ofthis video camera system is believed to be less than

9.9pm.

Figure 6.2 To see the resolution of the video camera system, we looked at two objects. One on the left
is the Microlever, which has the smallest feature of 18pm. We then looked at a 9.9pm grating, which

we were able to see.

We believe that we do not need better resolution for our purpose right now. The only we
do with this system is to focus the laser on top ofthe cantilever. As far as focusing on the

cantilever, the resolution we have now is enough, as can be seen in the diagram.



CHAPTER 7 -

CONCLUSIONS

7.1 Scanning Capacitance Microscopy

In this thesis, we explained how Scanning Capacitance Microscopy (SCM) works, and
how AFM must be modify to take capacitance images. We used SCM to measure the
characteristics of the sample that was grown by Motorola. We performed four different
experiments to see if our data were consistent with the data given by Motorola. The first
experiment was to measure the capacitance of the sample as a function of voltage. As we
expected, as we increased the voltage, the capacitance increased. We also fitted the curve
to see that the second power function was more fitted than any other power function. The
second experiment was to ﬁleasure the capacitance as a function of set point. As we
increased the set point, the capacitance decreased. This makes sense because if the tip is
pressed firmly against the sample, the tip is not able to vibrate as much. The third
experiment was the capacitance as a function of frequency. We began taking images at
the resonant frequency. We both decreased and increased thé frequency and took images
to compare the images. As we expected, the signal was the highest when the image was
taken at the resonant frequency. The last experiment we performed was to compare the
capacitance at different position of the wafer. We were told that the dielectric constant
was about 40% higher in the center with respect to an edge point. We cut the wafer into
four pieces and took capacitance images to verify. Our result was not consistent with

their data.
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7.2 Liquid Cell

We first explained the components needed to take AFM images in the liquid and how
this technique is performed. We then showed the modifications we made to make
imaging easier. Our main project for this thesis was to simulate Chemical Mechanical
Polishing (CMP) process at the atomic scale using AFM. We first used nitric acid
(HNO;) without Benzotriazole (BTA) in the solution and a silica tip to see the reaction.
The solution with BTA will create a monolayer of BTA molecules on top of the sample.
As we see the results, we conclude that we created a hole where the tip made contact with
the sample. We then used the same solution, but with BTA this time. As the result, we
created better square hole on the sample where the tip made contact with the sample. We
also decreased the RMS roughness of the sample, indicating that polishing as well as

enhanced removal is occuring.

7.3 Future Work

With liquid cell, there are many experiments that we need to perform to understand
how CMP process occurs. One improvement that we need to perform is to use a tub
made out of Kel-F or other materials with low thermal expansion coefficient. By doing
so, we will be able to decrease the thermal drift. We also need to use different type of the
sample, the tip, the corrosion inhibitor, and the solution to understand the removal of
different materials. To understand the characteristics of the different materials, we like to
vary the set point to see if the removal rate relates to the set point. We would also like to
vary the pH of the solution while images are taken to see if the removal rate varies with

the pH of the solution. We will use the variable speed pump to perform this experiment.
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To study the adhesive force between two materials, we can plot the force vs. distance

curve. The following diagram shows how this technique works.

Figure 7.1 The force vs. distance curve

To plot this curve, the cantilever is lowered toward the sample. At some distance the
cantilever does not feel any force, but at some point the cantilever is attracted toward the
sample due to forces such as van der Waals force and then capillary force. Van der
Waals is the electrostatic attractive force, and capillary force is the force due to layers of
liquid on the surface. These attractive forces are then overcome by the repulsive force
due to the electron clouds on the tip and atoms of the sample overlapping. When the tip
and sample are not able to get closer, the cantilever bends. Due to few forces acting
between the tip and sample, they are attached to each other for awhile. The cantilever
feels the repulsive force first and then the attractive force before the cantilever actually
snaps off*the sample. This process can be seen in the diagram below. The adhesive force
is the difference in forces at the point where the tip snaps onto the sample and the snap-

back point indicated in the diagram.
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