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Abstract

Atomic force microscopy (AFM) was used to study the microstructure and

nanostructure of sputtered and evaporated columnar thin films. The films selected for

this study spanned the various columnar structures found in these thin films. The

images showed that the AFM produces clear, quantitative images of the topography of

these surfaces. Furthennore, the AFM images showed that the individual columns in

the microstructure also contained structure. This result has not been widely reported in

the literature. However, like all instruments, AFM has it limitations. In the second part

of the thesis, I focused on two serious limitations of the technique, the

electromechanical control system and the finite radius of the AFM tip. A model of the

electromechanical control system was developed that reflects the operation of the AFM.

This model was used to study the ability of the AFM to track various types of surface

structures. Simulations and comparison of FE-SEM and AFM images were used to

study the effect of the tip on the accuracy of the images. The effect of the tip shape was

found to be a serious limitation in AFM imaging of columnar thin films. Using the

simulations, three accuracy criteria were developed. These criteria are useful in

determining how closely the AFM image reflects the actual thin film surface. The

simulations were also used to determine the effect of tip size on five measures of

surface roughness. These measures were: Ra, Rrms, n(0), bearing ratio, and power

spectral density.
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Chapten X

lntroduction

From laser diodes in CD players to glass coatings on the inside of the next

generation of plastic ketchup bottles, thin films are a little known, but pervasive part of

modern society. Though thin films are not well known to the general public, they form

the basis for an ever expanding number of industries. Thin fïlms can be used to

enhance the properties of bulk materials (for example, hardness coating on machine

tools) and are the basis for various industries (for example, microelectronics). The

widespread use of thin films has created a need for tools to study these materials, and

developing these tools has been an area of intense study for a number of decades. One

new instrument that maybe very useful for studying the topography of thin film
surfaces is the atomic force microscope (AFM). The aim of this thesis is to determine if
the AFM is an appropriate instrument for studying thin film surfaces.

In the early 1980's, Binning and Rohrer developed the scanning tunneling

microscope (STM) [1]' This instrument spawned an entirely new field of surface

science, scanning probe microscopy (SPM). The two most important SpM instruments

are the STM and the atomic force microscope (AFM) [2]. Of the SPM instruments, the

AFM is the most commercially successful. The AFM produces two dimensional images

of the topography of both insulators and conductors with a resolution better than

scanning electron microscopy (sEM). The AFM operates by moving a very sharp tip

over the surface while the tip is pressed onto the surface. The vertical motion of the tip
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as it is scanned over the surface produces an image of the topography of the surface.

This is very similar to how a surface profilometer operates. The topographical

information in the AFM images is two dimensional and quantitative. This quantitative

X-Y-Z data allows simple, accurate and quantitative characterization of surfaces and

surface features.

1.1 Thin Films

A technologically signifîcant subset of thin films a¡e those deposited by sputtering

and evaporation' Sputtering and evaporation are so commonly used, that in the

literature, the term 'thin film' is assumed to mean films deposited by these two

techniques. The particular application of AFM pertinent to this thesis is the imaging of
the surface topography of thin films. The surface structure of these films is unique and

it is appropriate to spend some time discussing the formation of the films and the

various types of surface structurescommon to thin films.

In sputtering and evaporation, the film is formed by condensation of a physical flux

of material [3]. The difference between the two techniques is in how the flux is formed.

In evaporation, a piece of the desired film material is heated in a vacuum until it
evaporates or sublimes. Atoms leave the surface and a travel in straight lines until they

strike a surface and condense. The formation of the physical vapour in sputtering is due

to a very different process. In sputtering, a piece of the desired film material is

bombarded with energetic ions (typicatly argon). Through a collision cascade process

[3], a surface atom is knocked off the surface of the material. The atom then travels

until it strikes a surface and condenses. When depositing thin films using sputtering, a

glow discharge is commonly used to form the ions. To give the ions sufficient energy

to sputter the surface atoms, the source material is the cathode of the glow discharge.
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The physical structure of many sputtered and evaporated thin films is dominated by

a columnar structure [4]. An example of the columnar microstructure of a thin fTlm is

shown in figure 1.1. This figure shows a scanning electron microscope (SEM)

micrograph of a fracture cross section of a sputtered niobium nitride thin film. The

micrograph clearly shows the dense anay of columns extending from the substrate to

the surface of the film. The columnar microstructure can lead to anisotropy in the

electrical, optical, magnetic and other properties of the film, as the properties parallel to

the columns are often different to those peqpendicular to the columns t5]. As the surface

of the thin film consists of the tops of these columns, the surface roughness and shape

of the surface features are closely tied to how the columns are formed. Thus, to

understand the properties of thin films and how to improve the properties of a particular

thin film, the formation and evolution of the columnar microstructure must be

understood.

Considering how important the columnar microstructure is to the properties of thin

films, the lack of a general well-understood model for the growth of thin films is

surprising. The best attempts at a model for the structure of thin films are the structure

zone models. These models qualitatively describe the variation of the columnar

structure with deposition conditions. The first structure zone model (SZM) was

developed by Movchan and Demchishin for evaporated thin films [6]. They found that

the columnar microstructure of evaporated thin films could be divided into three

different types of structures (see figure l.Za). They called these different types of

structures, 'zones'. Movchan and Demchishin found that the occunence of the different

columnar structures depended on the ratio of the substrate temperature to the melting

point of the material forming the thin frlm (TÆm). The fust zone, called zone 1, occurs

in films deposited onto substrates at low temperatures (TÆm < 0.3). These films form

a columnar structure that has tapered columns and voids between the columns. These

films are porous and not desirable for many applications. At higher substrate
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Figure i.l A SEM fracture cross section of a sputtered niobium nitride thin film.

The columna¡ microstructure of the film is clearlv observed in this

micrograph.
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temperatures (0.3 < T/Tm < 0.5) zone 2 films occur. The columns are larger with

domed tops and no voids between the columns. For films deposited at TÆm > 0.5, the

films consist of columns as wide as the film is thick (equiaxis) and the columns are

typically a single crystalline grain. Later, Thornton extended this work to include

sputtered thin films [7,8]. In sputtered films, the same three zones exist, plus an

additional zone, zone T, which is a transitional zone between zone I and zone 2

microstructures (see figure l.zb). Zone T microstructure consists of a dense array of

fibrous columns. Though both SZMs only qualitatively describe the variation in

columnar microstructure, they are useful in guiding the choice of deposition conditions.

The structure zone models were developed empirically from SEM and optical

micrographs of cross sections of thin films. The actual processes that form these

various columnar structures were originally only a matter for conjecture [7,8].

Computer simulations have now shed some light on the accuracy of these conjectures

[4,9,10]. Two factors that cause the columnar microstructure are: a highly directional

deposition flux and substrate temperatures much less than the melting point of the film

material. The key process is the shadowing caused by the directional sputter or

evaporation flux. This simple geometric factor causes a high point in a growing film to

accumulate more deposition flux than a low point that is in the shadow of a higher

region of the film. As the film thickness increases, the high points become columns and

the low points become voids. Computer simulations have shown that simple

shadowing and limited surface mobility of the adatoms causes the tapered columns and

voids between the columns observed in zone I films [4].

If the surface mobility of atoms is increased, a threshold is reached where the

surface mobility is high enough for a significant number of atoms to migrate into the

low points. Computer simulations have shown that films grown under these

circumstances form zone 2 structures t9l. It has been proposed that the degree of
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surface mobility of adatoms in the growing film is directly related to the ratio T/T¡¡.

Simple activation energy arguments show that this analysis seems valid [11]. At
substrate temperatures near the melting point of the film material, bulk diffusion will
occur' This bulk diffusion of material causes crystalline grains of the material to form.

This bulk diffusion of material is the source of the zone 3 columnar structures. In

sputtered films, a fourth type of columnar structure is observed. It is caused by the

effects of the bombardment of the growing film by energetic atoms from the glow

discharge [7,8]. Between zone I and zone 2 films, the dense fibrous zone T structure

occurs' The actual cause of the zone T structures is not clearly understood, although

computer simulations have shown that resputtering of the growing film causes material

to be deposited into the voids between the columns, creating a new microstructure [10].

Another mechanism that has been proposed is the compaction of the growing film by

the bombarding atoms [7,8]. It is presently unclear which process is more imporrant,

however both mechanisms would modify the structure of the growing film.

L.2 Scope of the Thesis

The intent of this thesis is to determine if the AFM is an appropriate instrument to

study the surface topography of thin films. The size of the surface features (10 to 500

nm) and roughness (< 100 nm) of thin films make them attractive as surfaces to study

using the AFM. The literature contains many interesting AFM images of thin films.

However, the unique columnar structure of thin films and the nature of the contact

between the tip and the surface can create difficulties. Such issues need to be

investigated to determine if the AFM produces valid information on the topography of a

thin fllm surface.

In chapter 2, the basics of AFM scanning of surfaces are discussed. First, the

operation of an AFM is outlined. second, some examples of AFM imaging of thin

films are shown. These images were chosen to provide an indication of the advantages
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of AFM over SEM, the more traditional technique for imaging surfaces. Third, the

interaction between the AFM tip and the surface are discussed, with emphasis placed on

the possible limitations imposed by the mechanical properties of the materials that form

the surface and the AFM tip. Finally, some practical and empirical advice on how to

operate the AFM when scanning surfaces is discussed.

The factors that limit the resolution of the AFM are very different from those in

optical or electron microscopy. In AFM, the image is formed by the interaction between

the AFM tip and the surface and an electromechanical control system. In chapters 3 and

4, definitions of resolution or accuracy valid for AFM are developed. As I will show,

these definitions are different from those used in traditional microscopy. In particular,

chapter 3 discusses the operation of the control system and the effects that the control

system has on how closely the AFM image corresponds to the actual surface. In chapter

4, I discuss a significant artifact in AFM imaging of surfaces, the effect of the finite

radius of the AFM tip. In this chapter, I develop a definition for accuracy of AFM

images of thin films and using numerical simulations of tip scanning of surfaces,

determine criteria that AFM images must meet for the experimental image to be

considered an accurate image of the surface.

Finally, in chapter 5, I use the AFM to study the types of surfaces that can occur in

sputtered and evaporated thin films. The AFM is shown to be capable of easily imaging

both the microstructure and nanostructure of thin films. I define the nanostructure of
thin films as the structure that occurs on the surfaces of the individual columns. The

nanostructure of thin films has not been well documented because it was almost

impossible to see detail this small, prior to the invention of the AFM. This is the first

major study that examines the capabilities of the AFM to image the very small features

that form the surface of thin films.
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Chapter 2

Atomic Force Microscopy

The AFM and the STM, are examples of what happens when a number of

technologies are brilliantly brought together. The technologies that Roher and Binnig

[1] used to develop the STM and Binnig, euate and Gerber [2] expanded on to develop

the AFM are: piezoelectric actuators, simple deflection sensors with sub angstrom

resolution, control systems, micromachining, and computer ízed data acquisition and

processing [3]. All of these technologies already existed and we¡e used in other

instruments and devices. However, combining these technologies into a single

instrument has lead to a creation of a family of amazing instruments. In this thesis, we

are interested in the most common application of AFM, the measurement of surface

topography.

AFM is a new technique and many of the concepts involved in forming and

interpreting the images are not cornmonly known or unde¡stood. The aim of this

chapter is to introduce the instrument and some of the issues that users should be aware

of when using the AFM or interpreting the images. The discussion in this chapter will

be limited to contact mode AFM, since this is the mode used to acquire all the images in

this thesis. First, rhe basic operation of the AFM and how the va¡ious components

interact to produce the rema¡kable ability to image nanoscale features is discussed.

second, the mecha¡ical inte¡action between the AFM tip and the surface a¡e discussed.

These inte¡actions are important as the forces involved in contact mode AFM are large,
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and limit the types of surfaces that can be scanned using AFM. Thi-rd, two examples of

AFM of thin film surfaces are shown, and the advantages of AFM over other types of

microscopy are discussed. Finally, I will discuss the practical aspects of recording an

AFM image.

2.1 Operation of the Atomic Force Microscope

Though AFM stands for atomic force microscopy, it has more in common with

surface profilometry [4] than optical or electron microscopy. In both AFM and surface

profilometry, the topography is measured using a sharp tip or stylus. In surface

profilometry, a line scan of the surface is formed from the vertical motion of the tip. In

AFM, the image is usually formed from the output of a control system used to maintain

a constant force between the tip and the surface. The constant force is maintained by

adjusting the height of the sample as the tip is scanned over the surface [5]. This

difference in how the images are formed, the smaller tips in AFM (tip radii less than

400 Å, compared to 1 pm for surface profTlometers), and the use of piezoelectric

acuators for sample motion, give AFM the ability to image topographical features

approaching the size of single atoms.

The construction of a typical AFM is shown in figure 2.I.The AFM consists of an

integrated cantilever/AFM tip, a laser diode/split photodiode deflection sensor, and a

piezoelectric tube scanner forX-Y-Zmotion of the sample. External to the AFM are the

control electronics and computer used for data acquisition. The AFM used in these

experiments was an early commercial AFM from Park Scientific Instruments (serial

number 0015). The controller is a Nanoscope I STM controller [6]. The control

electronics are an analog proportional-integral (PI) controller. The same electronics also

generate the X-Y scan wave forms. The data is acquired on an IBM 386 with an A-D

board and custom software. The data is processed on a Spark IPC workstation using

custom software.
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The images in AFM are formed from the output of the control system. This has a

significant impact on the interpretation of AFM images. In chapter 3, I discuss in detail

the operation of the control system and how it effects the AFM image. In this section, I
present a simple description of how the AFM image is formed. The deflection of the

cantilever changes when the AFM tip rides over a surface feature. The change in the

deflection is detected by the laser/split photodiode deflection sensor. The ouþut of this

detector is sent to a proportional-integral (Pf controller. The PI controller generates a

correction voltage that adjusts the height of the piezoelectric tube scanner to return the

cantilever to its original deflection. The AFM image is formed from this correction

signal. Figure 2.2 shows the signal flow in the AFM. This simple control system nor

only keeps the force between the tip and the surface constant, but it also allows

quantitative measurement of vertical height over a very large range (l .4, to 1 pm).

2.2 Mechanical Froperties of Surfaces

As discussed in the previous section, AFM images are formed by pressing a sharp

tip onto a surface. In this section, I discuss the how the interaction between the

mechanical properties of the tip and the surface can affect the resulting AFM image.

First, the magnitude and sources of the force between the tip and the surface are

discussed. Second, the elastic deformation of the surface when the tip is scanned is

discussed. The possibility of topographical artifacts in the AFM image caused by spatial

variation in the mechanical properties is presented. Finally, the magnitude of the

pressure that the tip exerts onto the surface is compared to the yield strength of material,

and the implication of this to the use of sharper tips is discussed.

2.2.1 Forces between the tip and the surface

In AFM, the tip is loaded or pressed onto the surface. This reduces the possibility

of the tip coming out of contact with the surface when the tip encounters a feature. The
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deflection of the cantilever used is about 50 ,A from the neutral position. This
corresponds to a force of about 2 x 10-10 N. However, this is not the actual force
pushing the tip into the surface. when a tip is in contact with a surface, a number of
long range forces attract the tip towards the surface [7,8]. If the AFM is operated in air,

the largest force is the meniscus force [7,9]. This is the force caused by a thin layer of
water bridging the between the tip and the surface. The water vapour comes from the

humidity in the air. This mensicus force pulls the tip into the surface. The magnitude of
the meniscus force is approximatery l to 5 x l0-7 N [9], which is 3 orders of
magnitude larger than that expected from the deflection of the cantilever. The force

between the tip and the surface can be reduced by eliminating meniscus forces. This is

done by operating the AFM with the tip either in a fluid or in vacuum. Using either

technique reduces the force between the tip and the surface significantly ( tO-t 1 to l0-9
N).

I did not measure the force between the tip and the surface for our instrument and

operating conditions, However, Weisnehorn et al. measured tip/surface forces under

conditions similar to ours [9]. They measured a force of 4 x r0-7 N for a si3N4 tip
scanning a mica surface in air. The relative humidity was not mentioned, but the

instrument was not operated in a purged environment. For the calculations in the next

section, I have assumed that the force between the tip and the surface for our

experiments was 4 x 10-7 N. Though 4 x t0-7 N seems small, the small radii of AFM
tip (< 400 Å) leads to very large pressures between the tip and the surface. These

pressures can be on the order of 0.1 to 10 Gpa, near the yield strength of many
materials.

2,2.2 Hertzian Mechanics

In the previous section, I have shown that under the conditions we operate under,

the AFM tip is pressed onto the surface with a force of I to 5 x lo-7 N. This force
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causes the surface under the tip to compress and an indentation to form in the surface

(see f,rgure 2.3). In this section, I use macroscopic elastic theory to estimate the depth

of the indentation and the corresponding effects on the AFM image [8]. The size and

diameter of the indentation are a function of the force between the tip and the surface,

the radius of the tip and the mechanical properties of the tip and the surface. In this

analysis, the tip is assumed not to deform and the force between the tip and the surface

is concentrated at the indentation. Thus the depth and width of the indentation I
calculate is an estimate of the largest indentaúon that the tip will make in the surface. It

is not entirely appropriate to use macroscopic elastic theory (Hertzian mechanics) at the

dimensions that occur in AFM. However, this analysis provides an indication of what

effects occur due to the mechanical interactions between the tip and the surface.

For elastic deformation, the relationship between the force, the tip radius and the

size of the indentation is given by t8l

p-Ka3
I 

-- Rtip

where F is the force pressing the tip onto the surface, a is the radius of the indentation,

R¡ip is the radius of the AFM rip, and K is given by:

. ,.?. . 2l=3rl-vi,l-V-zr
K 4'El Ez r

2.1

2.2

where v1 and v2 Ne the Poisson's ratio for the tip and the surface, respectively, and E1

and E2 are their Young's Moduli. Using these equations, the width and depth of the

indentation formed by an Si3N4 AFM tip with a radius of 200 Å pressing on the

surface with a force of 4 x 10-7 N was determined for aluminium and silicon surfaces.

These two surfaces where chosen because they are surfaces that are commonly imaged

by AFM. The Poisson's ratio and Young's Modulus for various surface and tip
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materials are given in table 2.1. Note the rather large contact area for these two

materials.

2.2.3 Consequences of the surface/tip interaction

The deformation of the surface caused by the forces betrveen the tip and the surface

will presumably affect AFM images. First, if the force between the tip and surface

becomes too large, the surface no longer elastically deforms, it plastically deforms.

Plastic deformation damages the surface and introduces artifacts in the topographical

image' Even if the surface only deforms elastically, the deformation of the surface by

the tip can cause topographical artifacts. In this section, I will discuss two possible

artifacts' the effect on imaging of step edges in single-crystal surfaces, and possible

artifacts due to spatial variation in the mechanical properties of surfaces.

To determine the artifacts caused by elastic deformation of the surface, the

interaction between a200 Å radius Si3N4 tip operating in air and two test surfaces are

examined. The diameter and depth of the indentation that the AFM tip makes in the Al
and Si surfaces are shown in table 2.2.This indentation occurs only under the AFM
tip' When the tip moves to a new location, the surface returns to its original shape.

When the AFM is operated in air, these indentations are relatively large. The

indentations vary between 80 and 100 Å in laterial diameter and between g and 12 Å
deep' In AFM scanning of many thin film surfaces, the size of this indentation does not

seriously effect the images because the surface features in the image are much larger

than the size of the indentation. However, AFM images where the features are similar

in size to the indentation, would be distorted by the size of the indentation. This could

lead to artifacts in the topographical image, particularly, in topographical images of flat
surfaces that contain step edges a few unit cells high, the approximately 100 Å diameter

of the indentation would lead to a 'smearing out' of the step edge. Information about
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MaæriaI

(Single Crystal)

SisN¿
(cvD)

Poisson's
Ratio

o.34

0.09

0.26

70.5

190

Table 2' 1 Young's modulus and Poisson's ratio for the AFM tip material, Si3N4, and

for two test surfaces (Al and single crystal si). The values for these

parameters are found in references 10, lI and 12.

Table 2.2. The depth and diameter of the indentation formed by a 2@ Å radius Si3N4
tip pressing onto the two test surfaces with a force of 4 x l0-7 N.
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the actual step edge would be distorted, though information on the height of the srep or

the length of the step would be maintained.

A second topographical artifact that could occur is due to spatial variation in the

mechanical properties of the surface. Surfaces that could have spatial variations in

mechanical properties are alloy fîlms in which the constituent metals have segregated.

In table 2.2, the difference in the depth of the indentation between the Al and the Si

surface is 4Å. A 4Ä. height difference is easily derectable by AFM. On a relatively flar

surface, this height difference might be perceived as topographical feature, though it

results from a spatial variation in mechanical properties of the surface. It is possible that

ripples observed in the AFM images of the Ti-W alloy shown in figure 5.7 aredue to a

variation in the mechanical properties of the surface.

If the force between the tip and surface is too large, the surface will plastically

deform and the tip can scratch the surface or tear pieces from the surface tl3l. Ifeither

of these processes occur, the surface is damaged and the topographical information is

not valid. The pressure where the deformation process goes from elastic to plastic is

called the yield strength of the material. The pressure on a surface from a 200 ÃAFM

tip, operated in air, is approximately 6 GPa. In an undergraduate material science

textbook, you will fînd that this is much larger than the yield strength of most materials.

If this is true, how is it possible that we can scan the surfaces of many materials and not

see damage? In most textbooks, the yield strengths are given for polycrystalline

materials. In these materials, the yield strength is governed by defects in the material's

structure. However, in AFM, the surface areas that the tip contacts are very small and

would not contain many, if any, defects. The more appropriate yield strength to use in

these calculations is the yield strength of defect free single crystals. The yield strength

of various single crystals has been measured [14] and a cross section is shown in table

2.3.
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Ge

Si

Nzal

Ag

Cu

Fe

2.06

6.7

22.3

1.73

1.50

13.1

Table 2.3 The yreld strength of various single crystal maûerials.
from reference 14.

The values are taken

Yield Strength
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The yield strengths for most of the materials in table 2.3 are between 1.5 and 20

GPa' This suggests that, for many surfaces, the forces between the tip and the surface

are just low enough for the tip not to damage the surface. If the force between the tip
and the surface increase or the radius of the tip decreases, the AFM tip will damage the

surface' This calculation also suggests materials that are softer than a typical metal or
semiconductor surface can not be imaged using an AFM operated in air. This is what
we have found empirically. In most materials we scanned, there was no indication that

the AFM tip was damaging the surface, but in soft materials, such as indium.
photoresist and films of organic die, the AFM images were poor and there was

evidence that material had accumulated on the tip. This accumulated material was

probably scraped off the surface by the tip.

As we have shown, the pressure exerted on the surface by the AFM tip is just low
enough to scan many hard metallic and semiconductor surfaces without damaging

them' unfortunately, as we will discuss in chapter 4, sharper AFM tips are needed to

improve the resolution of AFM images. Assuming that the mensicus force is constant

with tip radius, decreasing the radius of the AFM tip would increase the pressure on the

surface' This could lead to the situation where the tip is sharp enough to get high
quality images of the surface, but the forces between the tip and the surface exceed the

yield strength and the tip damages the surface. The AFM images of these damaged

surfaces would not be representative of the actual topography of the surface. The

solution is to decrease the force between the tip and the surface. To decrease the force

between the tip and the surface, the meniscus force needs to be removed. This can be

done by either operating the AFM in a solution or in a vacuum. using these two
techniques, the force between the tip and the surface can be reduced to between 10-l l
and 1o-9 N I9l.
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2.3 Topographical Measurement

Before discussing various subtleties of AFM imaging, I first will show two

examples of AFM images of surface topography. These two examples were chosen,

because they showed me, early in my program, the power of the AFM to scan surface

topography- The first example (figure 2.4) is the surface of a gold coated two-

dimensional sinusoidal diffraction-grating. This grating is used to calibrate the AFM.

This image shows not only the sinusoidal structure of the grating, but also the surface

structure of the gold coating. The second example is of a 50 Å thick tungsten thin film

(see figure 2.5 a) deposited by laser ablation [15]. This film is one of the two materials

used in a multilayer stack to form an X-ray mirror. The AFM image shows that the

surface of the tungsten thin film is cratered, with atomically smooth regions between

the craters. A cross section through two adjacent craters (figure 2.5b) shows that the

craters are between 20 and 50 Å deep. This suggests that the craters are formed by the

removal of small pieces of the film. This could be evidence of a micro adhesion or

stress problem in the film. The craters are too small to observe with a conventional

SEM and they are too shallow to study easily by cross sectional transmission electron

microscopy (TEM).Thus using the traditional imaging techniques for thin films (SEM

and TEM), this cratering problem is very difficult to detect.

2.4 Comparison of AFM, SEM, and TEM

In this section, AFM is compared to scanning electron microscopy (sEM) and

transmission electron microscopy (TEM). SEM is similar to AFM in that it images the

surface topography, whereas TEM is typically used to image the crystal structure. The

TEM has the higher resolution, but it is easier to study the topography of surfaces using

sEM. In this section, the differenr capabilities of the AFM, SEM and rEM are

compared. This comparison is done by imaging the structure of two AI-Si-Cu thin films

using the three techniques. Al-Si-Cu alloy films were chosen because thev are
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Figwe 2.4 An AFM image of the topography of a gold coated diffraction grating.

The large periodic features are the structure of the diffraction grating

and the small features superimposed on the periodic structure are the

topography of the gold coating.
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3305A

The (a) AFM image and (b) a cross secrion through a rungsten thin

film deposited by laser ablation. The cross section shows the craters

to be less than 50 Å oeep. These craters would be very difficult to

observe using scanning electron or transmission erectron microscopy.

Figure 2.5
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commonly used as conductors in microelectronic devices and thus represent a typical

surface that might be imaged using these three techniques.

The two Al-Si-Cu thin films were deposited at different sputter pressures. These

pressures are the two extremes of the useful range of magnetron sputtering. Both films

were deposited onto a silicon substrate and were 0.75 ¡rm thick. The surface

topography of the films was imaged using AFM (figure 2.4) and sEM (figure 2.5).

The SEM micrographs were taken by an experienced operator using a good quality

SEM (Cambridge 5-300 SEM) [16]. Both the AFM and SEM images show similar

surface structures. The surfaces of both films consist of the tops of the columnar

microstructure. The surface of the fîlm deposited at 2 mTorr consists of two different

sized features, whereas the film deposited at 45 mTorr consists of similar sized and

shaped features. The horizontal lines in the AFM image of the 2 mTorr image are due to

the tip coming out of contact with the surface during scanning.

It is obvious from the AFM images and the SEM micrographs that the AFM has

much better resolution than the conventional SEM. The surface features are barely

visible in the SEM micrographs, whereas the AFM images clearly show the features

and the topography of the surfaces of the individual columns. This work implies that,

for studies of the topography of thin films, AFM is a much better tool than conventional

SEM, simply because of its higher resolution. As I will show in chapter 4, this is true if
AFM image is not distorted by the shape of the tip. Recently, f,reld emission SEM have

become available and FE-SEM has resolution comparable to AFM. The resolution of

this instrument is high enough to clearly image the surface topography of thin films (see

figure 4.2).However, these instruments are not corrrmon and are expensive compared

to AFM.

One of the applications of the AFM in microelectronics is as a process monitoring

tool. In this section, I discuss a possible application of the AFM as a process



Figure 2.6 AFM images of the Al-Si-Cu thin films sputtered at (a) 2 mTorr and (b) 45 mTorr of argon.
lù\ì
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Figure 2.7 SEM micrographs of the same films as

surface topography of both films is just

shown in figure 2.6. The

visible in these micrographs.
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monitoring tool. To maintain a consistent thin film deposition process, the properties of

the thin film must be monitored from deposition run to deposition run. An example of
a thin film deposition process where this is done is the sputter deposition of Al-Cu-Si

alloy films, which are used extensively as conductors in microelectronics devices. In

metal conductors' one property that is of great concern is the electromigration resistance

of the films. Electromigration is movement of the atoms in the conductor due to the

momentum of electron flow in the interconnect [17]. Electromigration is a major failure

mechanism in microelectronic devices. Empirically, it has been found that the grain size

of the thin films is a good indication of the electromigration resistance of a conductor

[17]. Traditionally, the grain size in thin films used as interconnects is determined

periodically using transmission electron microscopy. Typically, to maintain the desired

electromigration resistance of the interconnects, a wafer coated with the interconnecr

material is removed from the fabrication line every few months and sent away for TEM

analysis. This type of analysis is expensive and, for this reason, is not done as often as

the process engineers like [18]. However, if the columns in the AFM images

correspond to the grains in the TEM image, then AFM could be used as a simpler and

faster technique for determining the grain size of Al-si-cu thin films.

TEM micrographs of the two Al-Si-Cu thin films are shown in figure 2.g. The

different grains in the films are clearly observed. The shapes of the grains in both films

are similar to those observed in the AFM and SEM images. The grain size observed in

the TEM micrographs and the column size in the AFM and SEM images were

determined by averaging the size of the features measured in five random directions in

the various images. The results are shown in table 2.4.Thesimilarity in the sizes of the

columns and the grains suggests that, for these films, each column observed in the

AFM and SEM images are individual grains. For these films, AFM could be used as a

replacement technique for determining the grain size.
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(b)

Figure 2.8 TEM micrographs of the same films as shown in figure 2.6. Both

micrographs are magnified 16800 times.
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Table 2.4. The width of the features that form the AI-Si-Cu thin films measured

using AFM, SEM, and TEM.
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2.5 Fractical Aspects of Acquiring AFM Images

As the first member of the STM group at the University of Manitoba to write a

AFM thesis, I feel obligated to write a section discussing the practical aspects of AFM

imaging that I have found helpful in acquiring good quality AFM images. For any

experimental technique, there are practical aspects of taking the data that are either not

discussed in the literature or are only mentioned in passing. While taking the images for

this thesis, I developed a few tricks and discovered a few empirical rules that have

helped me acquire and interpret AFM images. First, I will discuss how intuition

developed from interpreting optical and electron micrographs is not valid for

interpreting AFM images. Second, the effect of the room humidity on AFM imaging is

discussed. Third, I discuss degradation of AFM tips during scanning and how often the

tips should be replaced. Fourth, the effect of vibration on AFM images is discussed.

Finally,I will discuss the effect of the finite size of the AFM tip has on AFM images of

large surface features.

2.5.1 Intuition

In AFM and STM, one of the first things to realize is that these techniques are not

the same as optical and electron microscopy t191. The images in AFM and STM are

formed by completely different physical processes than those of optical and electron

microscopy. AFM and STM probe the surface using a tip, whereas the images from

optical and electron microscopy are formed by photons or electrons scattering from the

surface. This difference means that the intuition developed for optical and electron

microscopy is not valid in AFM and STM. For example, a blurry image in optical or

electron microscopy means either that the microscope needs to be focused, or that the

limit of resolution has been reached. In AFM and STM, there is no focus knob. If an

AFM image appears blurry, it is probably due to an artifact. Empirically, I have found



33

that blurry images are caused by problems such as: a dirty AFM tip, humidity effects,

or the tip is damaging the surface.

2.5.2 HumÍdity

The detrimental effect humidity has on AFM images is well known in the AFM

community, but it is not usually discussed in the literature. One of the few references to

this effect involves variation in the size of DNA molecules with changing relative

humidity in the room [20]. Thundat et al. found rhar the size of DNA molecules is

constant until a relative humidity of 30 Vo. From 30 to 40 Vo relative humidity, the

width of the DNA molecules increases. They proposed that the increase in the apparenr

size of the DNA was caused by increased meniscus forces that cause the AFM

cantilever to bend as the tip is scanned over the DNA. The higher the relative humidity,

the larger the meniscus forces. Early in my research, I encountered a similar effect. The

quality of an AFM image decreases when the relative humidity rose above 3o to 40 Vo.

If the relative humidity in the room was greater than 40 Vo, the images became bluned.

My explanation is that the loss of image quality was due to increased meniscus force

which cause a torsion rotation of the cantilever. This causes the side of the AFM tip,

rather than the apex, to be in contact with the surface, and the larger area of the side of
the tip causes the decreased image quality. This explanation is consistent with that siven

by Thundat et al. [20].

To eliminate the effect of humidity on AFM images a number of approaches have

been used. First, operating the AFM with the tip immersed in a fluid eliminates any

meniscus forces. However, the AFM is not as easy to operate in fluid as it is in air. To

operate an AFM in air, dry air or nitrogen purged glove boxes are used [20] or the tips

are treated to make them hydrophobic [21]. None of the procedures seem necessary if
the relative humidity is below 30 Vo. For most of the year in Winnipeg, the humidity is

much lower than this. Unfortunately, the th¡ee summers I worked on my thesis were
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the most humid in memory t2zl.lnthe humid months of July and August, we placed

the samples in a desiccator and put the AFM in a dry nitrogen purged container. This

was somewhat successful; however, f typically waited until fall, when the relative

humidity in the building fell below 25 vo,before I started scanning surfaces again.

2.5.3 Tip Degradation

The critical part of the AFM is the shape of the tip.Any degradation in the qualiry of
the tip leads directly to a degradation in the AFM image. How the tip degrades and how

often to replace the tip is another area that is not discussed extensively in the literature.

Empirically, I found that a new AFM tip is needed every day. Before I instituted this

policy, I had problems with poor quality and non-reproducible images. As these

problems were eliminated by using a fresh tip every day, I attribute these problems to

degradation in the quality of the tip. However, the cause of this degradation is not

obvious. The tip could degrade by abrasive wear, or by accumulation of debris during

scanning, or from airborne dust accumulating on the tip when the tip sits in the AFM.

we have observed possible examples of all th¡ee mechanisms.

An extreme example of how the quality of AFM images is affected by the quality of
the tip is shown in figure 2.9. Figure 2.9 shows two AFM images of the s¿rme copper

thin fìlm. The clear image (figure 2.9a) was acquired with a fresh tip, and the blurry

image was acquired using an tip that happened to be in the AFM. What this latter tip

was used for before or how long it had been in the AFM is not known. Similar blurry

and distorted images have been observed in two other situations. First, with a tip

previously used to scan soft surfaces (photoresist and an evaporated film of organic

die) was used to scan a thin film surface and second when the quality of the AFM
images of a surface decreased suddenly, when the tip was moved to another location

on a surface. This sudden drop in image quality was probably caused by the tip
acquiring some loose material (dust or dirt) from the surface of the film.



Figure 2.9 The effect of a 'dirty tip' on the quality of an AFM image. These two AFM images are of the same copper

thin film using (a) a new AFM tips and (b) a tip that had been used previously.
(,
L¡r
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2.5.4 Vibrational Noise

Once the AFM has been installed, vibrational noise is not a problem. However, on

occasion, the background noise in an image will increase dramatically. This increase is

typically caused by external vibrations coupled into the AFM. In this section, I will
discuss the vibrational noise levels of our AFM and how to diagnose and correct any

sudden increase in vibrational noise in an AFM imase.

One of the advantages of AFM is its high vertical resolution. The deflection sensor

in the AFM can detect 0.03 Ä' variations in height [23]. Practically, the minimum

detectable verLical height is much larger than this. In our instrument, the minimum noise

fotZis 0.5 Ä, RMS (root mean square). For AFM imaging of thin films, rhis sufficient.

A simple technique to determine the minimum noise level of an AFM is to acquire an

image with the X and Y scan sizes set to zero (the tip is motionless). The resulting

image is a picture of the AFM's noise level. This is how the value of 0.5 Å RMS was

determined.

A major source of the noise are vibrations from the building coupling to the AFM.

Occasionally, the instrumental noise increased dramatically, because the amount of
mechanical vibration coupled to the AFM from the building has dramatica¡y increased.

This additional coupling is usually caused by a lack of care on the part of the

experimentalist. The AFM sits on a vibration isolation table formed from a granite block

and vibration isolation legs. The unwanted extra vibrations are caused by vibrations

coupled to the granite block from the building. The vibrations ¿ì.re often coupled to the

block by cables (power and BNC) which are carelessly run from the granite block to

other portions of the room.

To ensure that minimumal vibrations are coupled between the building and the

granite block, the following precautions should be taken: First, have the minimum
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number of cables running between the equipment on the granite block and outside

world' Second, make sure that cables on the granite block are held down with a large

weight' This reduces coupling to the AFM. Thfud, do not have equipment on the table

that uses 6o Hz The transfonners inside the equipment act as source of 60 Hz
vibrations' Finally, check and make sure that there are no wires, cables, and other

equipment between the granite block and the rest of the building. A light accidentally

left on the table could be the cause of your blurry images.

2.5.5 The Finire Size of the AFM Tip

In this section, one the major limitations of AFM is introduced, the finite size of the

AFM tip' when the size of the AFM tip approaches the size of the surface features, the

AFM image becomes distorted [19]. In chapter 4, I discuss how this affects the

accuracy of AFM images of thin films. However, one of the first areas in which the

effect of the finite size of the AFM tip was observed was the imaging of VLSI
structures [19]. An example of this distortion is shown in Figure 2.10, which shows

an AFM image and a cross section of a via from a 2 pm CMOS metallization process. A
via is a hole through the passivation layer that allows for an electrical connection

between different layers of metalization. The small features that form the surface of the

metallization layer around the via are clearly observed in the AFM image; however, the

image contains almost no information about the inside of the via . The AFM cannor

image the interior of the via because the tip is larger than the via. The relative sizes of
the tip and the via are shown in figure 2.1 1. For the AFM to image the inside of the via,

tips with higher aspect ratios are needed; this is an active area of current research [19].

The inability of the AFM to image the bottom of the via is a simple example of a
major difficulty with AFM: the distortion of images by the finite size of the rip. The

distortion of AFM images by the tip occurs often, and, unfortunately, it is not always

easily identif,red. When interpreting AFM images of any surface, the possibility of the
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(b)

Figure 2.10 The (a) AFful image and (b) a cross secrion oï a2 pm viaacquired

using a pyramidal Si3N4 rip. The AFful can not image the bouom of

the via because the tip is larger than the via (see figure 2.1l)
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Silicon
Dioxide

Passivat

Aluminum lnterconnect

Silicon Wafer or Al Interconnect

Figure 2.11 A diagram of the mechanism which formed the image in figure 2.10. The

AFM tip is larger than the via and the tip does not reach the bottom of the

via This type of tip artifact is common in AFM and has led to the

development of various higher aspect ratio tips to study these types of

structures.
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images being distorted by tip shape must be recognized. This cannot be stated too

strongly, as it seems that distortion due to the tip shape is the major limitation of AFM,

and could severely limit its applicabitity (see chapter 4).

2.6 Conclusions

In this chapter, the practical aspects of AFM were discussed. The operation of a

contact mode AFM was outlined, along with how the instrument acQuires a

topographical image. Next, the various pieces that form the AFM and it's related group

of instruments was discussed. A few examples of AFM imaging of the surface

topography of thin films were shown. These images show the advantages of using the

AFM rather than SEM, the technique traditionally used to study surfaces. In the next

section, the interaction between the mechanical properties of the surface and tip

scanning the surface were discussed. It was found for near atomically smooth surfaces

that the mechanical properties of the surface could lead to artifacts in an AFM image of

the surface topography. Lastly, some practical aspects of AFM imaging of surfaces

were discussed.
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[nterlude

T[ne ,A.cca¡racy of AF'M trnnages

In microscopy, one of the basic questions is 'what is the resolution of this

technique ?' V/hat most people mean by that statement is: ' what is the smallest feature

I can observe using this technique ?' In AFM, the resolution is often quoted as the

minimum scan size, plus the minimum detectable height change, for our AFM, these

are 10 Å in X and Y, and 0.5 A'inZ. However, concepts of resolution such as these

are taken from optical instruments and they are not valid for AFM and STM. The

images in AFM and STM are formed by macroscopic tips and control systems, not the

focusing of photons or electrons. A better question for AFM and STM is: .How

accurately does image reflect real surface being scanned ?' To study the accuracy of

AFM images, I have studied two significant sources of inaccuracy in AFM imaging of

surfaces: distortion of images by the finite size of the tip, and the effect of the

electromechanical control system on the AFM images. In the next two chapters, I hope

to show that the answer to the question: 'How small a feature on the surface can I see

using AFM ?' is a function a number of parameters and that the answer also depends on

how accurately you need to 'see' the feature.



Chapter 3

Anatrysis of the
AFVI Control Svstem

The power of the AFM to scan very small surface features is partially due to the use

of a control system in the displacement-sensing system. The control loop adjusts the

height of the sample to maintain a constant force on the AFM cantilever (see chapter 2);

this is called constant-force mode AFM. Without the control loop, vertical deflection

sensors with large dynamic range (from angstroms to microns) are needed to scan thin

film surfaces. Though deflection sensors with large dynamic range exist [1], deflection

sensors with limited vertical range are simpler to construct and operate. Another

advantage of using a control loop is that the force between the tip and the surface is held

constant [2]. This ensures that the tip remains in contact with the surface and that forces

between the tip and the surface are approximately constant and at a minimum. A

constant force reduces the possibility of damaging the surface during scanning.

Simplicity of design and ease of use has meant that AFM are almost exclusively

operated in constant-force mode. The drawback of using a control system is that it
limits the rate at which the AFM can acquire images.
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In this chapter, the operation of the AFM control system is analyzed and the effect

of the control system on the accuracy of the AFM images is studied. A model of the

AFM control system is developed and the step response of the model is compared to the

response of the actual AFM control system. Using the understanding of the control

loop developed from the model, the factors which affect the stability and response of
the control loop are discussed. The effect of the control loop on the accuracy of AFM
images was also studied using a number of trial surfaces. Four trial surface were

studied: a sinusoidal varying surface, a triangular surface, and two surfaces

representative of the cross sections of columnar thin films.

3.1 A Model of the AFM Control System

In this section, I will describe a model for the AFM control system, and present

measurements of the model parameters for my control system. The control sysrems

used in STM and AFM are proportional-integrator (PI) controllers. pI controllers are

classic control systems and their operation can be analyzed, using the techniques

described in any introductory control systems textbook [3]. The basis for analyzing

control systems is the block diagram of the control loop (see figure 3.1). The block

diagram shows the flow of signals through the control system and the relative

placement of the components in the control loop. We have chosen the topology shown

in figure 3.1, because it reflects the operation of the AFM control loop, where the input

to the loop is the surface and the output is the signal from the control electronics. This

compensation voltage is used to form the AFM imase.

My analysis of the control system follows the analysis of D. pohl [4], who showed

that an integrator controller has the desired frequency characteristics for a good AFM or

STM controller. He also showed that only those frequencies below the first mechanical

resonant frequencies affect the operation of the control loop. This greatly simplifies the

model of the control loop (see figure 3.1). However, before detailed analysis of the
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control system, a quick explaination of how the control system operates: In AFM, the

tip is scanned over the surface in a raster pattern. The deflection of the cantilever

changes when the AFM tip rides over a surface feature. The change in the deflection is

detected by the laser/split-photodiode deflection sensor. The output of this detector is

sent to a proportional-integral (PI) controller. The PI controller generates a correction

voltage that adjusts the height of the piezoelectric tube scanner to return the cantilever to

its original deflection. The AFM image is formed from this correction signal, and the

accuracy of the image depends on how quickly the control system responds to changes

in the input.

3.2 Transfer FunctÍons

To develop a model of our AFM, the transfer functions of the individual

components of the control system must be determined. The components of the control

system shown in figure 3.1 are: deflection sensor, controller, high-voltage amplifiers,

Iow-pass filter, piezoelectric tube scanner, and the computer. The transfer functions

need to predict only the approximate behaviour of the component, as we are interested

only in the general behaviour of the control system. Furthermore, using pohl's

approximation [4], only the frequency response of the components below the first

mechanical resonant frequency needs to be described by the transfer functions. The

lowest mechanical resonant frequency occurs either in the deflection sensor (the

cantilever) or in the tube scanner. Which component it is will depend on the particular

AFM or STM being analyzed. For our AFM, the resonant frequency of the cantilever

we use is approximately 30 KHz when it is off the surface, and at least 100 KHz when

scanning [5]. The resonant frequency of tube scanners is between 10 and 40 KHz, thus

for this AFM, the lowest mechanical resonant frequency is due to the tube scanner.
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3.2.1 The Fiezoelectric Tube Scanner

The piezoelectric tube scanner moves the sample in the X-y-Z directions.

Previously, we have shown that for our AFM, the piezoelectric tube scanner has the

lowest mechanical resonant frequency in the control system. This resonance must be

reflected in the transfer function for this component. The piezoelectric tube scanner is

modeled as a damped harmonic oscillator, with the response of the scanner defined by

the sensitivity of the scanner, the resonant frequency, a¡¿ the e of the resonance. The

transfer function for a simple harmonic oscillator is:

H1 = Hoc ct*

rr*äs+cofr
(3.1)

where ol¡ is the resonant frequency (rad/s), Q is the Q factor for the resonant peak, and

H¡ç is the D.C. sensitivity of the tube scanner.

The D.C. sensitivity of the tube scanner in the Z direction was given by the AFM

manufacturer as 82 

^N. 
The resonant frequency and Q of the mechanical oscillation

were measured by applying a2Y, 10 ps pulse to the four outer electrodes of the tube

scanner and monitoring the response of the inner electrode. The response of the inner

electrode to this pulse was a damped oscillation. The resonant frequency and the e of

the tube scanner was determined from this damped response. The frequency of the

oscillation varied depending on the mass of the sample in the sample holder on the top

of the scanner. with no sample, the resonant frequency was 30 KHz; with a sample,

the resonant frequency was 16 KHz. For this analysis, we chose 16 KHz, the resonant

frequency of the tube scanner with a sample in the sample holder. The e of this

resonant frequency was determined from the decay time of the oscillation. The e for the

piezoelectric tube scanner was 20.
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3.2.2 Deflection Sensor

The deflection sensor detects the variation in the deflection of the cantilever as the

AFM tip is scanned over the surface. The deflection sensor consists of the laser

diode/split-photodiode deflection sensor and the associated amplifiers. In the frequency

range of interest, D.C. to 16 KHz, the frequency response of the deflection sensor is is

a constant. With the AFM tip on the sample surface, the sensitivity of the deflection

sensor was determined measuring the output of the deflection sensor for a known

change in the height of the sample. The height of the sample was varied by applying a 4

V sine wave (30 Hz) to the inner electrode of the piezoelectric tube scanner with the

outer electrodes grounded. This moves the surface vertically by 328 .Ä, a height

comparable to the height of features found in thin films. The output of deflection sensor

was measured and the sensitivity of the sensor was:

Gl = 8.1 x to-4 vlÅ (3.2)

3.2.3 P-I Controller

The control electronics produce the voltage necessary to change the height of the

sample to compensate for the change in deflection of the cantilever. The analog

controller used to control our AFM has both proportional and integral (p-I) control. The

control electronics is a Nanoscope I analog PI controller [6]. It was designed to control

an STM operated in air, but we modified it to control our AFM. The gains of the p-I

stages were calculated from the schematics of the Nanoscope I controller. The effect of

the proportional controller was neglected in this analysis because the gain of the

integrator controller is at least 1500 times larger than the proportional controller at the

frequencies of interest. Thus the proporrional gain will have little effect on the response

of the system. The transfer function for a integral controller is:

cz=* (3.3)
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where K¡ is the gain for the integral controller and K¡ is:

rr=nb

Hz(s) =*"h

where R and C are the values of resistor and capacitor of the op-amp integrator in the

control electronics. The value of KJ for our system was determined from the schematics

for the Nanoscope I controller, and varies between 3000 and 12000, depending on the

integral gain setting on the front panel of the instrument.

3.2.4 Íligh voltage Amplifier and the l-ow pass Filter

The control electronics also contains a high voltage amplifier and a low pass filter.

The high voltage amplifier amplifies the ouþut of the controller in the 0 to 200 V range

needed to drive the piezoelectric tube scanner and the low pass filter is formed by the

output resistor on the high voltage amplifier and capacitance of the piezoelectric tube

scanner. The bandwidth of this amptifier is assumed to be larger than 16 KHz, the

frequency of the lowest resonant frequency. As the bandwidth is larger than the range

of interest, the transfer function of the amplifier is simply its gain. For the Nanoscope

I, the gain of this amplifier is 15, which makes the transfer function:

H¡=15 (3.s)

The low pass filter is formed by a series resistor (5 K,Ç)) on the output of the high

voltage amplifier and the capacitance of the fube scanner. The capacitance of the tube

scanner was determined by measuring the time constant of the charging of the capacitor

[7]. The measured capacitance was 10 nF. The transfer function for a low pass filter is:

(3.4)

(3.6)

where R is the series resisto¡ and C is the capacitance of the piezoelectric tube scanner.
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3.2.5 Control System Transfer Function

To determine the response of the control system, the transfer function of the

complete system is needed. This transfer function relates the output to the input of the

control system, and for the AFM control system shown in figure 3.1 is:

r(s)-13= G1(s) G2(s) Hpc
(3.7)I + G1(s) G2(s) H1(s) Hz(s) Hs(s)

where T(s) is the transfer function, and G1(s), G2(s), HDC, Hl(s), H2(s), and H3(s)

were derived in the previous sections. The time response of the control system for an

arbitrary input is found by taking the inverse Laplace transform of the transfer function

and the input wave form. In control systems analysis, the response to a step input is

commonly used to study the properties of the control loop. The step response of this

control system was determined numerically using a coÍrmercial control systems

simulation package.

3.3 Response Time of the Control System

3.3.L Calculated and Measured Step Response

To determine how accurately the model of the AFM control system reflects the

operation of the real AFM control system, the step responses for both were determined

for a number of different integral gains. A commercial software package called 'cc' waS

used to calculate the step response of the model [8]. The model control system exhibits

two different step responses. The first response is an exponential time response (see

figure 3.2) and the second is an under-damped sinusoidal response (figure 3.3). The

step response changes from exponential to under-damped sinusoidal as the integral gain

is increased. The exponential response shown is for an integral gain of 4760 and the
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Time (mS)

(Jr
l\)



q,
E

çL

f s

\

hool

Figure 3.3 The simulated step response of the AFM control system for an integral gain of I1066.

I, o.s

Time (ms)

(,tl(,



54

under-damped response is for an integral gain of 11066. If the integral gain is larger

than approximately 12000, the control system becomes unstable.

The step response of the actual AFM control system was measured for the two

integral gain settings used in the simulations. The response of the actual AFM control

system was determined by applying a200 Hz square wave with a4Y amplitude to the

outer (X-Y) electrodes of the piezoelectric tube scanner. The AFM tip was on the

surface and the control system was operating during these measurements. The square

wave moved the sample surface vertically by 330 Å. ttre control loop adjusts the

voltage on the inner (Z) electrode to compensate for the height change. The output of

the control system is this compensation voltage. This voltage was monitored using an

oscilloscope. The action of the control loop is shown in figures 3.4 and 3.5. The spike

at the beginning of each response is an artifact caused by cross talk in the control

electronics.

3.3.2 Discussion

The simulation and the measured step response of the control system for both gain

settings are very similar. The response for the lower integral gain (4760) has an

exponential response in both the simulation and the measured response and the step

response at the higher integral gain is a under-damped sinusoid consisting of a single

overshoot of the step height for both the simulated and measured response. The time

constant of the exponential response was calculated and measured for two integral gain

settings and are shown in table 3.1. The calculated time constants of the exponential

response are between 1.6 and 2 times faster than the time constants measured for the

actual AFM. This discrepancy between the measured and calculated response times is

also observed for higher integral gains. In table 3.2, the 90 Vo rise time, the settling

time, and the overshoot for both the measured and calculated step responses a¡e shown.

For an integral gain of 11066, the calculated rise time and settling time are 2.8 and 3.5



Figure 3.4 The measured step response of the AFM control system for an integral gain of 476O. The

spike at the bcginning of-the response is an artilact caused by cross talk in the analog control

electronics. The resglnse is exgrnential with a time c<>nsl.ant ol- 335 ¡s.
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Figure 3.5 The measured step response o[ the AFM contnrl system for an integral gain of I l(b6. The

spike at the bcginning o[ thc response is an artilact caused bv cross talk in the analog control

elcctronics. The response is an under damped sinusoid rvith a 9 7o overshoot, a rise time of

180 pS and a sel.tling time of 800 ¡zS.
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Table 3.1 Measured and calculated time constants for those gain settings with an

exponential response. The time constants were calculated using the

simulation program'cc'.

Table3.2 The measured and calculated rise time, settling time, and overshoot for
integral gain of 11066. The response was calculated using 'cc'.
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times faster than the measured response times. Howeve¡, the shape of the response

curve' as given by the overshoot, are very similar, with the measu¡ed overshoot of9 zo

agreeing well with the 8.6 Zo in the calculated response curve.

comparison of the calcurated and measured responses of the AFM control system

suggests that the model predicts the t¡ends in the response curves, but not the actual

response times. The moder gives insight into what factors w l affect the operation of
the control loop. By combining the insight developed using the t¡ansfer function and

measured response times of the AFM, the ab ity of the AFM to track time varying

surfaces can be explored. In the next section, the model is used to determine what

factors affect the stability of the control system.

3.4 Closed Loop Gain and Stability

In the previous section, the response of the control system was studied using the

time response to a step input. The response ofthe control system can a-lso be studied in

the frequency domain. The frequency response of the control system's crosed loop gain

provides insight into the stability and response of the control system. The closed loop

gain is simply the gain around the control loop. For our system, the closed loop gain is:

C(s) = 6t1r1 G2(s) Hr(s) Hz(s)H¡(s) (3.8)

where the tra¡sfer functions are defined in section 3.2. The magnitude and phase of the

closed loop gain for an integral gain of 4760 a¡e shown in figure 3.6.

There a¡e two important portions of the crosed loop gain curves: the frequencies that

have closed loop gains greater than one, and the frequencies nea¡ the point where the

phase of the closed loop gain is r80'. The closed loop gain at frequencies where the

closed loop gain is greater one determines the response of the contror system, whereas

the closed loop gain at frequencies near whe¡e the phase of the closed loop gain is rg0.
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Figure 3.6 The bode plot of the closed loop gain of the AFfuf control system. The
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line is the phase. The horizonral line in the graph is unity gain.
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determines the stability of the control system. The control system becomes unstable

when the magnitude of the closed loop gain, at a particular frequency, is greater than

one and the phase of the closed loop gain, at the same frequency, is 1g0". when the

phase of the closed loop gain is 180", the feedback is no longer negative, but positive.

Thus' if the closed loop gain at this frequency is greater than one, any perturbations are

amplified and the control system becomes unstable. For the AFM control sysrem

shown in figure 3.6, the only frequency where the phase is 180" is due to the resonance

of the piezoelectric tube scanner. In the example shown in figure 3.6, the gain at the

resonant frequency is less than one, indicating that the system is stable. However, if the

closed loop gain is increased, the system will eventually become unstable.

To insure that the control system does not become unstable during operation, a

control system is typically not operated near the maximum stable closed loop gain. The

control system is typically operated at a closed loop gain less than the maximum stable

closed loop gain. This closed loop gain is specified by either the gain or phase margins.

These two margins ¿ìre measures of how close to the maximum stable closed loop gain

the control system is being operated. The gain margin is the magnitude of the closed

loop gain at the frequency where the phase of the closed loop gain is 1g0". For stable

operation, the gain margin must be less than one. A rule of thumb given in control

textbooks is that the maximum gain margin for a control system should be 0.5 [3]. The

phase margin is the phase difference between 180 ' and the phase of the closed loop

gain at the frequency where the magntitude of the gain becomes less than one. For the

example shown in figure 3.6, the gain margin is 0.06 (@14 KHz) and the phase

margin is77' (@740 Hz). The optimum gain and phase margins for operating an AFM
have not yet been defined. In AFM, the control systems typically operate as close to the

maximum stable closed loop gain as is possible. Thus the gain and phase margins are

much closer to the values where the system becomes unstable than those found in

textbook control systems.
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3.5 Tracking of Surfaces

The electromechanical control system used in AFM and other SpM instruments do

not simply track a simple one time step variation in the input parameter. Rather, they

track a continuously changing input signal. In the AFM, the continually varying signal

is the surface topography. Using the model of the control system developed in the

previous sections and trial surfaces, the effect ofthe control system on the accuracy of
AFM images of surfaces was determined. Two types of trial surfaces were used to

study the ability of the control system to track surface topography; analytical functions

(sinusoidal and triangle wave forms) and arbitrary surfaces. The arbitrary surfaces were

chosen to be representative of the surfaces of columnar thin films.

3.5.1 A Model of the Operating Control System

In the first portion of this chapter, a model of the AFM control system was

developed. This model predicts the step response of the control system and factors

which affect the stability of the control system. Though this model can predict the

response of the control system for various surface structures, it is not practical for these

studies of control system tracking, since it contains terms that do not affect the response

of the control system at normal operating gains. Ignoring these extra terms simplifies

the transfer function and the resulting analysis of AFM tracking. This simplifed transfer

function makes the identification of the important parameters affecting the operation of
the control system easier.

The two terrns that can be ignored are the frequency dependence of the piezoelectric

tube scanner and the low pass filter. The tube scanner effects the stability of the control

system and the low pass filter causes the under damped response at high integral gains.

The transfer functions for the two components reduce to H1(s) = HDC for the

piezoelectric tube scanner and H2(s) = I for the low pass filter. Using these transfer
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functions for the piezoelectric tube scanner and the low pass filter, the transfer function

of the control system reduces to:

which is the exponential response observed for the control system for integral gains

less than 5000. This exponential response accurately reflects the operation of the

control system over most of its range. Although the exponential response does not
accurately reflect the operation at large integral gains, the under-damped response

observed at those gains is sufficiently close to an exponential that useful insight into the

tracking of surfaces will be gained even at high integral gains.

To determine the accuracy of the AFM images in this thesis, a realistic value for a
must be determined. From the measured unit step responses for the actual control
system (see table 3.1), a realistic value of a is greater than 2600 (r = 335 ps).

However, a can not be arbitrarily increased. At some value of a, the control system

becomes unstable. Using the original transfer function, it is possible to determine at

what value of a the control system will become unstable. The maximum value of a is

determined by calculating the value of a for which the gain margin is one (the gain

margin where the control system becomes unstable). Using this condition, equation

3'8, and neglecting the effect of the low pass filter, the maximum stable closed loop
gain (a) is:

T(s) = rfu

where a=GrKrHoçH3. The step response of this transfer function is:

u(t)=1-e-at

u*r* =T

(3.e)

(3.10)

(3. r 1)
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where f¡ and Q are the resonant frequency and Q of the lowest mechanical resonant

frequency. This equation shows that maximum response time of a controller is limited

only by the properties of the lowest mechanical resonant frequency. For our AFM, f¡ =
16 KfIz and Q = 20, which yields âmax = 5000 (r = 200 ps). For the rest of this

chapter, I used a = 5000 for my calculations.

3.5.2 Scan Speeds, Acquisition Times, and Accuracy

The AFM image is produced by sampling the ouþut of the control loop at discrete

time intervals. Although the control system continuously adjusts the voltage to the

piezoelectric tube scanner, the AFM image is formed from these discrete samples of the

output of the control system. The accuracy with which the surface is tracked is

determined by a combination of the sampling time of the data acquisition computer and

the response time of the control loop. In the this section, I discuss how the sampling

time and the response time of the control system determines how accurately the control

system tracks an AFM imase.

In the previous section, I showed that the step response of the AFM control system

is an exponential (see figure 3.4), with the time constant of the exponential response

given by the closed loop gain of the system. The longer one waits, the closer the output

of the control system approaches the height of the step input. In the case of the AFM

control system, the longer one waits, the more accurately the height in the AFM image

reflects the actual height of the surface feature. For example, if the AFM tip
encountered a step at time t=0, and the time between samples for the data acquisition

computer was tsl (see figure 3.7), the control system would only have corrected for 50

vo of the step height. The height of the step in rhe AFM image would only be 50 vo o1
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the actual height of the feature. However, if the time between samples were t52 (see

figure 3.7) ' the control system would reach 95 vo of the step height and the image

would more accurately reflect the height of the step. Thus to track the surface with
greater accuracy, wait longer between samples of the control system. This increased

time between pixels corresponds to a slower scan speed. In the examples shown here,

to increase the tracking from 50 vo to 95Vo, the sampling time must be increased by 4.3

times. This is the trade off with the control system, increased accuracv means

increased time to acquire an image.

The time it takes to acquire an image depends on the number of pixels in the AFM

image. Our images arc 256 x256 pixels. The data acquisition computer acquires a pixel

every t5 seconds. This is known as the sampling time or the time between pixels. The

relationship between the sampling time and the total time to acquire an image is::

TIr.g.=5I2x256xt, (3.r2)

where Tlmage is the time taken to acquire a single AFM image, and ts is the sampling

time. The 512 in the equation is there because the data is only acquired in one direction

of the X sweep. Often, the X scan rate is also used to measure the acquisition time. It
is:

Xr.rn.ut" =,rh (3. 13)

For our AFM, the typical X scan rate is 8 Hz, which corresponds to a sampling time
(ts) of 244 ¡ts; the time to acquire an image (Thaee) is 32 seconds.

3-5.3 Tracking of sinusoidal and rriangular surfaces

The step function used to study the tracking accuracy of the AFM control system is

not representative of the typical surface scanned using the AFM, as surfaces rarely
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consist of a series of steps. It is more instructive to look at the tracking of sinusoidal

and triangular surfaces than the tracking of a step function. As these two surfaces can

be described analytically, the response of the control system can also be determined

analytically' Using these equations, the factors which effect the tracking accuracy of the

AFM control system can be derived.

The output of the control system to a sinusoidal input is determined using the

transfer function for the control system and the Laplace transform of the input wave

form. For the AFM control system, the ouþut is:

(3.14)

where the first term is the transfer function of the control system (see section 4.1), the

second term is the Laplace transform of a sinusoid, a is the closed loop gain of the

control system, and ol is the input frequency, in radls, of the input sinusoid. The time

response of the control system is determined by taking the inverse Laplace transform of
equation 3.14. For a sinusoid, the time domain input and output wave forms are :

v(t) = sin(cot) (3. r s)

(3.16)

where v(t) is the input and u(t) is the ourput.

The input frequency of the sinusoid (co) is related to the scan rate and the number of

sinusoidal features in a scan line. For a sine wave:

and

u(s){#.)(d;J

u(t) = l-ta-l(a sinott -al coscot )\(t)' + à¿ I

a = 4n fspatial Xscan rate

fspatial = wavelengths/scan line

(3.r7)

(3.18)
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where fspatial is the spatial frequency of the features on the surface. For example, an

image with 8 sinewaves across the image scanned at8 Hz,yields an input frequency of
128 Hz to the control system. Varying the scan rate or the scan size changes this input

frequency. The input sinusoid and the response of the control system is shown in

figure 3.8' In this figure, a = 5000 and the input frequency of the sinusoid was 300

Hz. This corresponds to 37.5 wavelengths/scan line at a scan rate of g Hz. As

expected, the control system lags behind the variation in the surface. In this example,

the amplitude of the sinusoids in the AFM image are 7 vo smaller than the actual height

of the features and the position of the features in the image lag behindthose in the real

surface by 6 Vo.

How to increase the accuracy of the AFM control system tracking can be

determined using equation 3.16. For the output to approach the position and amplitude

ofthe actual surface, the value ofthe closed loop gain ofthe control system (a) should

be as large as possible, and co should be as small as possible. Unfortunately, the

maximum value of a is limited by the stability of the control system. For our control

system, the maximum value of a is approximately 5000. Thus to increase the accuracy

of the tracking, the input frequency (co) must be reduced either by decreasing the X

scan rate (which increases the time to acquire an image) or by increasing the

magnification so that there are fewer features in the image. This equation shows that

the tracking accuracy is not only a function of the response time of the control system

and the scan rate, but also depends on the number of features in an image in a scan line.

A triangular surface (see figure 3.9) better represents the surfaces of columnar thin

films than either the step function or the sinusoidal surface discussed previously. The

triangular surface can be formed using Fourier series. The Fourier series expansion for
a triangular wave is:
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Figure 3.8 The input sinusoidal surface (solid line) and the ouþut of the control

sysrem (dashed line) for a closed loop gain of 5000 and an input

frequency of 600 Hz.
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Figure 3.9 The input triangular surface (solid line) and the output of the control

system (dashed line) for a closed loop gain of 5000 and an input

frequency of ZQHz.
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cos (nrot)
3.r9

î2

where co is the frequency of the fundamental harmonic. It is related to the X scan rate

and the spatial distribution of features by equations 3.17 and 3.18. The triangular wave

form shown in figure 3.9 was formed from the first 1 1 terms of this expansion.

The control system respoxse to the triangular surface was also determined using

Fourier analysis. The response of the control system to each of the l l harmonics which

form the triangular surface was calculated using equation 3.16. The total system

response was calculated by summing these 11 different responses. The output of the

control system, and thus the AFM image formed for a triangular surface is shown in

figure 3.9' In this example, the closed loop gain is 5000 and the frequency of the

fundamental harmonic is 120 Hz. This corresponds to 15 triangular features across an

image, if the image is acquired with an 8 Hz scan rate. Like the sinusoidal surface, the

AFM image formed by the control loop is reduced in amplitude and lags the original

surface. The control system also rounds the sharp edges of the triangular surface,

making the features in the AFM image appear less sharp than they actually are.

As shown with the sinusoidal surface, the tracking accuracy of the control system

can be increased by reducing the frequency of the fundamental harmonic entering the

control system. Figure 3.10 shows the tracking error (the percent difference between

the control system output and input) for various frequencies of the fundamental

harmonic. The tracking elror drops from a maximum of lTVo for the example shown in

figure 3.9, to 2Vo fot an image where the frequency of the fundamental input harmonic

was 12 times smaller than that shown in figure 3.9. The ripples in the tracking error

curves are an artifact of the Fourier analysis. The relationship between the tracking

accuracy' the scan rate, and the number of features per scan line for the triangular

surfaces is shown in table 3.3. In this table, tracking error vs. the number of triangular
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Figure 3.10 The tracking error for an triangular surface at different input

frequencies. The tracking error is defined as the percent difference

between the original surface and the ouþut of the control system. The

input frequencies arc:240H2 for curve A, 100 Hz for curye B and 20

Hzfor curve C.
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Number of Features
per scan line

X scan rate = 8 Hz

Number of Features
per scan line

X scan rate= 4Hz

Table 3.3 The correspondance bet\a,een the tracking error cun¡e and the number of

trizurgular features per scan line for two X scan rates.
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features per line for X scan rates of 4 and 8 Hz are shown. A tracking error of less than

Zvo is difficult to achieve. Either very slow scan rates are needed or images with very

few features/line.

3.5.4 Tracking of a Columnar Thin Fitm Surface

The actual surfaces of thin films are not simple analytical functions, but arbitrarily

shaped surfaces. To study the tracking accuracy over columnar thin film surfaces, rwo

representative cross sections were used. The frst cross section is from an AFM image

of a sputtered columnar At-Cu thin film, and the second is from a thin film deposition

simulation package (see chapter 4). Both cross sections (see figures 3.11 and 3.rZ) are

columnar in that the surface consists of columnar features separated by voids. The

number of columns in both cross sections is typical for a AFM image which clearly

shows the columnar surface structures of the film. Both cross sections are 256 pixels

wide.

As the cross sections are arbitrary functions, the techniques used to study the

sinusoidal and triangular surfaces can not be used. The technique for determining the

effect of the control system on the accuracy of these AFM image of arbitrary surface

relies on the fact that the data acquisition computer samples the output of the control

system at discrete intervals. The value of the control system between these intervals

does not affect the AFM image. The AFM image is calculated using a running sum of
the output of the control system. The value of the control system at the end of a

sampling time is determined by adding the response of the control system to the output

of the control system at the previous pixel. The output of the control system at each

new pixel is determined using:

Y.i = Y"i-, * A(Yti - Y"¡-1) (3.20)
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where Yci is the position of the control system for the ith pixel, yci-l is the control

system position for the i-l pixel, y¡ is the height of the surface at the ith pixel, and A is
the response of the control system. The value of A depends on the sampling time (ts),

the closed loop gain of the control system, and the assumed shape of the surface

between the pixels. If the surface between the pixels is assumed to consist of a step, the

value of A is:

A=1-O-at. (3.2r)

where ts is the sampling time and a is the closed loop gain of the control system; a is

also the time constant of the step response of the control system (r = å).

For many surfaces studied using AFM, assuming that the surface between the

pixels is a step is not realistic. A better approximation to the shape of the surface is to

assume that the surface is linear between the pixels. This leads to a smoother surface,

which is a more accurate representation of most thin film surfaces. In this case, the

ramp response of the control system determines the tracking accuracy of the AFM

image. The ramp response of the AFM control loop is:

u (t) = 1a e-ut-l

and the parameter A for the ramp response is:

A=1*e-at'-1
itts

(3.22)

(3.23)

The longer the sampling time, the larger the value of A and the more accurately the

control system will track the surface. The action of the control system as it scans cross

sections representative of columnar thin films was determined using equation 3.20 and,

3.23.
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Figures 3.1 1 and 3.12 show the tracking of the two representative columnar thin

film surfaces using the atgorithm developed in this section. A small value of ats (0.5)

was chosen to exaggerate the regions of the image which are affected by the control

system. In both figures, the problems identified in the previous section are obvious.

The AFM control system lags behind the actual surface, causing features to be reduced

in height and sharp edges to be rounded. However, these simulations also show that

surface features might not be tracked and thus will not appear in the AFM image. If the

control system is not operated properly, as in the examples shown, some major

columnar features might not appear in the image. The traces from the control system

shown in figures 3.11 and 3.12 are severely distorted, in particular, the AFM image of
the SIMBAD surface would be considered not representaive of the actual surface.

As expected, increasing the value of ats, by either increasing the closed loop gain or

the sampling time, increases the accuracy with which the AFM control system tracks

the surface. In figures 3.13 and 3.I4,the tracking error curves for three values of atg

are shown. These values of ats are values typically used in AFM and STM [9,10,11].

This analysis shows that, even if the sampling time is 2.5 time constants, the RMS

tracking error is still 1.6 To.This implies that to track a surface to a high accuracy will
take a long time and that for the rates typically used in AFM, the RMS trackins error is

atleast lto27o.

For the AFM images shown in this thesis, the X scan rate was maintained at g Hz.

For a closed loop gain of 5000 (response time of 200 ps), an X scan rate of g Hz yietds

ats - 1.22. This places the value of A for ats - !.22 midway between at5 - 0.5 and

1.5. It is apparent from tracking error curves (figures 3.13 and 3.14) that rhe control

system will produce some visible distortion in the AFM images. However, the curve

also suggest that these artifacts will be small, consisting of the washing out of detail on

the sides of columns and the rounding of the edges of sharp features. As I will show in
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Figure 3.1 I A simulation of the tracking of a cross section of an AI-Cu thin film.

The solid line is the original surface and the dashed line is the output

of the control system for ats = 0.5.
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Figure 3.r2 Asimulation of the tracking of a cross section from a SIMBAD

simulation of a sputtered thin frlm. The solid line is the original

surface and the dashed line is the ouþut of the control system for

ats = Q.J. A number of the surface features are not tracked by the

control system and would not appearin the resulting AFM image.
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Figure 3.14 The tracking elror for the SIMBAD trial surface waiting (a) 0.5, (b) i.5,

(c) 2.5 time mnstants between pixels. The RMs tracking error is:

(a) 6.5 7o, (b) 2.'t To, and (c) 1.6 Vo.
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the next chapter, the effect of the finite shape of the tip causes similar artifacts, and that

in most f,lms the effects of the tip are much larger than the effects of the control system.

However, to eliminate the artifact due to the control system, this analysis suggests that,

for accurate tracking of surfaces with the number of features/scan line I typically use;

the X scan rates in our AFM should not exceed 6Hz.Ifthe scan rates are much larger

than this, the images will be visibly distorted by the operation of the control loop.

3.6 ConclusÍons

In this chapter, a consistent model of an AFM control system is developed. This

model predicts the response of the control system at various values of the integral gain.

The advantage of this model is that all of the par¿rmeters of the model can be measured

directly from the operating AFM. Using the model, the ability of the AFM to track

continuously varying surfaces was studied. Using sinusoidal and triangular shaped

surfaces were used as input surfaces. Using these surfaces, it was found that the

tracking accuracy of the control loop depends on three factors: (l) the response time of

the control loop; (2) the rate at which the image is scanned; (3) the number of features

in the image. Finally, using trial surfaces, the tracking of columnar thin film surfaces

was studied.
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Chapter 4

The DistortÍon of .AFM lrnages by

the FÍnite RadÍus of the TÍp

It is well known that the finite size of the tip causes a major artifact in AFM

imaging. Most of the work on this artifact has been on the imaging of large features

such as vias and trenches found in VLSI devices. An example of this artifact is shown

in chapter 2, where the inability of the AFM to image the interior of a via is discussed.

The interior of the via can not be imaged because the pyramidat Si¡N¿ tip is larger than

the via, and the apex of the tip does not reach the bottom of the via. This artifact is

clearly observed in the AFM image (see figure 2.5), where the bottom of the via shows

no structure. The distortion of smaller features also occurs, but this is usually less

obvious. In this chapter, I examine the effects of this distortion on smaller surface

features, particularly, on thin film surfaces.

I will consider two aspects of tip artifacts in the imaging of columnar thin films.

First' I will determine the effect on AFM images when they are used as micrographs of

the surface. I show that AFM images of thin films can be severely distorted, but still

mimic the expected surface of a thin film, thus creating the possibilty of
misinterpretation of AFM images. Using numerical simulations of tip imaging of thin

film surfaces, I develop three criteria for determining the accuracy of an AFM image.

Second, using the same simulations, I examine the effect of tip distortion on the



83

measurement of five surface roughness measures: RMS roughness, arithmetic

roughness (R¿), horizontal roughness, bearing ratio, and the portrer spectral density.

4.1 Distortion of AFM Images of Thin Films

In AFM, the topographical image is formed by the tip scanning across the surface.

An AFM image becomes distorted when the contact point between the tip and the

surface is not the apex of the tip (see figure 4.1). This makes the AFM image a

combination of the shape of the tip and surface. The amount of distortion depends on

the relative sizes of the tip and the surface. If the tip is larger than the surface features,

the AFM image can be severely distorted. This is the case in the simulation shown in

figure 4.1, where a spherical tip scans a thin film surface of columns smaller than the

tip. The resulting AFM image is more represenative of the shape of the tip, than it is of

the surface. A much sharper tip is needed for the AFM image to accurately reflect the

actual topography of this surface.

The AFM profile in figure 4.1 mimics the expected shape of a columnar thin film, a

closely packed array of approximately spherical features. It is not clear from the AFM

profile that it does not reflect the actual surface of the film. In figure 4.2, we show a

real example of this situation. A field emission SEM (FE-SEM) micrograph and an

AFM image of the same electron beam evaporated niobium thin film are shown in

figure 4.2. The FE-SEM image shows a surface consisting of sharp ridges, whereas

the AFM image shows an ¿uray of rounded features. The distortion in the AFM image

is caused by the fact that the ridges that form the surface of the Nb thin f,rlm are sharper

than the AFM tip. The AFM image consists of a closely packed array of images of the

AFM tip. Unfortunately, the AFM image seems to be a valid image of the surface of a

columnar thin film. Later in this chapter, I develop a simple technique for identifying

these severely distorted AFM images.



Figure 4.1 A simulation of an AFM tip scanning over the idealized surface of a columnar thin film. The AFM profìle

does not represent the real surface, but it mimics the expected surface of a columnar thin filrrr.

K



Figure 4.2 The (a) AFM image and the (b) FE-SEM micrograph of the surface structure of a Nb thin film. The

distortion of the AFM image caused by the finite size of the AFM tip is clearly seen in the differences

between these two fieures.

(b)
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4.2 A,ccuracy of AFM Images

The definition of accurate AFM images is arbitrary, as the amount of acceptable

distortion in an image depends on how the data is used. For an AFM image to be used

as a picture or micrograph of the surface, the distortion in the image must be small. If
on the other hand, the AFM image is used only to determine the roughness of a surface,

then we have found that a significant amount of distortion is acceptable. In this section,

several criteria for accuracy will be discussed.

For an AFM image to be used as a micrograph, the distofion in the image must be

less than can be detected by eye. Images that meet this criterion, are designated as

visually accurate. For the distortion in an image not to be visible, the difference

between the AFM profile and the actual surface must be less than what can be perceived

by the eye. In a grey scale image, the human eye can perceive approximately 50 grey

levels [15]. Therefore, if the distortion at each pixel in an image is less than one of
these 50 grey levels, the eye will not be able to perceive any distortion that is present.

In a typical grey scale AFM image, the grey scales are determined by a linear mapping

of shades of grey between the maximum and minimum points in the image. Thus, if the

difference between the AFM image and the actual surface (at each pixel) is less than

1/50 of the distance between the maximum peak to valley height, the distortion is not

detectable by eye.

AFM images which do not reflect the actual film surface are designated as non

representative. The definition of a non representative AFM image is somewhat arbitrary

as the maximum amount of acceptable distortion in an image depends on the use of the

data. For my work, where I am interested in the features which form the surface, I
consider AFM images non representative when the AFM profile no longer contains

most of the features on the surface. When this occurs, the AFM image no longer



reflects the distribution of features in the surface. The AFM

shown in figure 4.2 is an example of a non representative image.
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image of the Nb film

Between visually accurate and non representative images a¡e distorted AFM images,

that is images that are visibly distorted, but they still reflect the general shape of the

original surface. These disto¡ted images must be carefully interpreted as the distortion

due to the tip shape makes the columns appear broader than they actually are, and the

spaces between the columns become smaller. The usefulness of distorted AFM imases

depends largely on how the data in the image will be used.

4.3 Relative Curvature of the Tip and the Surface

The degree of distortion in an AFM image depends on the relative sharpness of the

tip and the surface features. In columnar thin films, the surface roughness is such that

for many cases, only the spherical apex of the AFM tip contacts the surface. Since only

the spherical apex is in contact, severely distorted AFM images can be identified by

determining the radius of curvature of the features in an AFM image t101. If the radius

of curvature of a feature approaches the radius of the tip, then the image is distorted.

For example, the radius of curvature for features in the AFM image of the Nb film (see

fig 4.2) is between 100 and 150 ,Ä. Since the radius of curvature of the tips used to

scan these surfaces are between 100 and 400 Å [tO-tS], this suggests that this AFM

image is severely distorted. This is confîrmed by the FE-SEM micrograph. In fact,

these surface features are sufficiently sharp that we have used this surface to measure

the approximate radius of AFM tips [19].

The radius of curvature of a feature in an AFM image can be determined from its

cross section. The approximate radius of curvature of the feature (RAIi¡4) is given by

the radius of curvature of a truncated sphere with the same width and height as the

feature:
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(ú^ ) * (t)t
Raru ="n (4.1)

where w is the width of the feafure and h its height (see figure 4.3). The cross section

must be taken through the highest point in the feature for (4.1) to be valid. This simple

technique allows calculation of the radius of curvature of features in both one's own

work and published images.

The ratio of the radius of curvature of the features in an AFM image (RAIr¡4) to the

radius of the tip (R¡ip) can be used as a general measure of the degree of tip induced

distortion in an image. The larger the ratio, the less the distortion. In the simulations,

we will show that this ratio can be used to determine boundaries between the various

regimes of distortion.

4.4 Simulations

To study the effects of the finite size of the AFM tip, I would like to image a known

surface with a known tip and compare the results. This is very difficult to achieve

experimentally and so I have chosen to do numerical simulations of this distortion. This

simulation is two dimensional and the interaction between the surface and tip is

assumed to depend only on geometry. The AFM profile is determined by numerically

determining the trajectory of the apex of the AFM tip as it is scanned over the surface..

The trial surfaces are 256 pixels wide, the same as our AFM images, and the trial

surface is assumed to be piece wise linear between the pixels.

For the analysis to be valid, the trial surfaces must be representative of surfaces of

columnar thin films. I have chosen two surfaces as representative of cross sections of

columnar thin films. The first surface is a cross section from an AFM image of a

sputtered AI-Cu alloy. The cross section from the AFM image of the AI-Cu thin film is

representative of the actual surfaces of thin films because the radius of curvature of the
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Figure 4.3 The cross section of a feature in the AFM image shown in fìgure 4.2 a.

The radius o[ this feature is 110,Â. The definition of the width anci

height of an AFlr4 fean¡re a¡e also shown in this figure.
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features in the image are the largest we have measured (Ra¡ryq = 5000 Å) an¿ thus are

the least affected by tip distortion. For convenience in the calculation, the vertical height

of the cross section was increased five times. The second cross section was generated

using SIMBAD, a commercial thin film growth simulation package that is known to

produce cross sections representative of columnar thin films [20-21]. The input

parameters were chosen to simulate the growth of a sputtered thin film at low substrate

temperatures. Both cross sections are shown as the solid line in figures 4.4 and 4.5.

In figures 4.4 and 4.5, the original cross sections and simulated AFM profiles

for two different tip radii are shown. The radius of the tip for the profile indicated with

the dashed line is three times larger than that for the dotted line. The distortion of the

thin fÏlm cross sections by the finite size of the tip is clearly seen in these two figures.

The finite size of the tip causes the columns to be broadened, and the voids between the

columns are not accurately imaged. In the profiles simulated using the larger AFM tip

(the dashed lines in figures 4.4 and4.5), the profiles no longer contain all the features

in the original surface. Some of the smaller columnar features are not present in these

profiles.

The simulations of tip scanning shown in fìgures 4.4 and,4.5 aretwo dimensional,

however, an AFM tip scanning a surface is three dimensional problem. In the three

dimesional situation, the contact point between the tip and the surface is not necessarily.

all in the same plane. If the contact point between the tip and the surface are all in the

same plane then the scanning of the surface can be reduced to two dimensions. For

these surfaces, the results of the simulations shown in this thesis are valid. However,

for surfaces where the contact between the tip and the surface are not all in the same

plane, the two dimensional simulations will differ from a three dimensional AFM

profile. The regions of the two dimensional simulations that would be the most affected

are the smaller features and voids between the columns.
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Figure 4.4 Numerical simulation of the AFM tip scanning over the cross section of the

AI-Cu thin film. The tip radius is 5 pixels for the dotted line and 15 pixels

for the dashed line. This corresponds to RA¡r¡4lRíp = 4.2 for the dotted

line and 1.7 for the dashed line.
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Figure 4-5 Numerical simulation of the AFM tip scanning over the SIMBAD cross

section. The tip radius is 5 pixels for the dotted line and 15 pixels for the

dashed line. This corresponds to RAlMiRtip =2.5 for the dotted line and

1.5 for the dashed line.
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The sharper the tip is compared to the surface features (RRru/Rtip is large), the

more likely that the contact point between the tip and the surface will lie in the same

plane. For this case, the results from the two dimensional simulations can be directly

applied to th¡ee dimensional AFM images. On the other hand, if the tip is dull compared

to the surface features (RefVt/Rtip is small), the greater the chance that the contact

point between the surface and the AFM tip will not lie in the same plane. For these

surfaces, the results of the two dimensional analysis will be less accurate. The exact

amount of the difference will depend on the three dimensional shape of the surface.

The percentage difference at a single pixel is given by:

, - lÂ yi - yonserl
"' - l;;.1;;-

where d¡ is the difference for the ith pixel, Ây¡ is the difference between the prof,rle and

the cross section for the ith pixel (see figure 4.1), ymax-ymin is the maximum peak to

valley height in the image, and ys¡¡ss¡ is chosen to minimize total difference between

the simulation and the original surface. Precisely, yoffset is determined by minimizing

the following expression:

(ÂYi - Yorfset)

256I
i=l

(4.2)

(4.3)

The bounda¡ies between the three accuracy regimes are found using histograms of

the percentage difference for all the pixels. Since the application that the accuracy

criteria are being determined for is the use of AFM images as micrographs, 50 bin

histograms were used. The 50 bins in the histogram conespond to the 50 perceivable

grey scales in a grey scale image.
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4.5 Accuracy Criteria

In this section, I will define the tip radi needed to meet the accuracy criterion I
defined previously. I defined an image as visually accurate if the distortion in the AFM
image was not detectable by eye. In a grey scale image, a pixel is visually accurate if the

difference between the AFM profile and the actual cross section is less than l/50 of the

peak to valley height of the image. For these simulations, I defined an AFM profile as

visually accurate if more thang}vo of the pixels met this visual accuracy criterion for
each surface' The tip radius for which 90vo of the pixels were visually accurate was

determined' This tip radius marks the division between visually accurate profTles and

distorted profiles. The radius of the features in both surfaces was determined by
averaging the radii of 5 features in each profile. The radii of the features were calculated

using equation 4.1. The results of this analysis are shown in table 4.1. From this
analysis, it was found that for the SIMBAD cross section to be visually accurate, the

radius of curvafure of the features in the AFM profile (Ra¡¡a¡ must be least7.7 times

grearer than the radius of the tip (R4p¡4/Rûp > 7.7), and for the AI-Cu thin fTlm rhe

radius of curvature of the features in the AFM profile (RernÐ must be least 14 times

greater than the radius of the tip (R4¡'¡4/Rtip > 14). Although the simulation is only

two dimensional, these results suggest that, for AFM images of columnar thin films to
be visually accurate, the radius of the features in the AFM image must be approximately

10 times grearer rhan the rip radius (RA¡r¡a/R¡ip > l0).

The boundary between the non representative and distorted AFM images can not be

as unambiguously defined as the boundary between visually accurate and distorted

images was. However, an approximate boundary can be determined from the tip radius

when the profile no longer contains the smaller columnar structures. For example, the

dashed profiles in the simulations of the two trial surfaces (figures 4.4 and. 4.5) arc
considered non representative profiles as a number of the smaller features in the original
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Non Representative

Al-Cu

SIMBAD

2.0

1.6

o.4

0.2

Table 4.1 The ratio of the radius of the features in the simulations (RApn¿) to the

tip radius (Rtip) for the rh¡ee accuracy criæria.
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surface do not appear in the profiles. Using the profiles which were found to no longer

represent the original surface, a more quantitative definition of the boundary between

non representative and distorted images was developed: an AFM profTle as

considered non representative if, for more than 50 vo of the pixels, the

difference between the surface and the AFM profile is greater than two

perceivable grey scales or 2ls0 of the maximum peak to valley height of

the image. This definition means that, for more than hatf of the pixels in a profile, the

difference between a grey scale image of the actual surface and the distorted surface

would be clearly visible. The tip radius which satisfies this criterion was determined

and defines the boundary between non representative and distorted AFM imases.

For the SIMBAD surface, the AFM profiles become non representative when the

radius curvature of the features in the profile (RenU) is less than 1.6 times the tip

radius (Ra¡'V/Rtip < 1.6). AFM profiles of the AI-Cu thin film cross section become

non representative when the radius curvature of the features in the profile (R4¡r¡fl are

less than 2.0 times the rip radius (RRFvl/Rtip < 2.0). This analysis suggesrs rhat an

AFM image of a columnar thin film surface will be non representative if R4¡r¡4/R¡¡p <

2.

Between films visually accurate and non representative AFM images, are distorted

AFM images. These AFM images are visibly distorted, but still reflect the general shape

of the film surface. These distorted AFM images, which have AFM features with radii

between 2 and 10 times the tip radius, must be interpreted carefully. In each of the

simulations, one of the AFM profiles is distorted (see the dotted line in figures 4.4 and,

4.5). As seen in the simulations, the distortion causes the features in the AFM image to

be broadened and the voids between the columns are not as deep. Figure 4.6 shows an

AFM image and FE SEM micrograph of an electron beam evaporated Cu thin film.

Renr¡l/Rtip for this film is 4.5, where the radius of the AFM rip was determined using



Figure 4.6. The (a) AFM image and (b) FE-SEM micrograph of an electron beam evaporated Cu thin film. The columnar

microstructure of the thin film is observed in the AFM image, but the void regions between the columns

observed in the FE-SEM micrograph are not seen in the AFM image. The ratio of the AFM feature radius to

the tip radius is 4.5. The radius of the tip was deûermined using the surface of the Nb thin film.

(a)

{
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the Nb thin film. These two images show that useful information on the surface

structure of the columns (which form of the film) are preserved in a distorted AFM

image, but information on the structure of the voids between the columns is lost.

4.6 Implications for Imaging of Thin Films

To establish the frequency with which AFM images are distorted by the shape of

the tip, AFM images of a representative group of thin film surfaces were taken. A

series of films was deposited in a number of different sputtering and evaporation

systems. The materials and deposition conditions were chosen to be typical for

polycrystalline thin fîlms. The material chosen were: Al-si-cu, Al-cu, cu, Nb, NbN,

Ti, W-Ti and Ag. An average sized feature for each film was chosen and the width and

height of the feature was measured. The results from the 23 films in this study are

shown in figure 4.7. The radii of the Si3N4 AFM tips used in this study were not

determined for each measurement. The supplier states the radius of the Si¡N¿ tips as

400 Å [18], however, the radius of Si3N4 tips can smaller than this. Recently, a

number of groups have measured the radius of the apex of Si¡N+ AFM tips to be

between 100 and 200 Å 116,17,221. The radius of apex of the tip was determined by

reverse imaging, where the AFM tip is scanned over either a sharp surface feature fy2l

or a sample with an accurately known shape 116,17l. For analysis purposes, we

assumed that the radius of our AFM tips was 200 Ä, (Rtip = 200 Å)

The results shown in figure 4.7 show that for all the films in this study, the ratio

R414/R¡¡p falls between I and 30. Therefore, distortion of AFM images by the shape

of the AFM tip is a significant artifact. The radius of the features in each image was

calculated using equation 4.1 and extent of the distortion in this sample of thin films

was determined. The results are shown in table 4.2. Less than 30Vo of the films in this

study fall into the visually accurate range (RRm,a/Rtip > l0). Thus over 70vo of the

AFM images in this study contain some visible distortion. Of all the films, a significant
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Figure 4'7 The width and height of the average size feature in the AFM image of a

number of different sputtered and evaporaûed thin films. The two lines of

constant tip radius correspond the boundaries between the three accuracy

criteria The tip radius is assumed to b€ 200 Å. The films in this figure
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Visually
Accurate

Distorted

Non
Representative

R6¡r¡4/R¡¡p > 10

2<R4¡r¡4/B¡ip< 10

R4¡r¡4/R¡¡p < 2

10

Table 4.2 The number of AFM images in the study shown in figure 4.7 which are

visually accurate, non representative and distorted. There were a total of

23 films in the srudy. The AFM tip radius was assumed to be 200 Å.
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number (30Vo) are severely distorted and are non representative of the actual film
surface (R6p¡4/Rdp < 2). A majority of the images of thin films are in the third

category; distorted images ( 2 < RRptrrt/Rtip < l0). These images are distorted, but

with careful interpretation, they can provide useful information of the structure of the

film surface. The large number of non representative and distorted AFM images of thin

films suggests that all images of thin films must be ca¡efully interpreted to determine

what aspects of the image represent the real surface of the thin film. Simply assuming

that a clear AFM image is representative of the real surface of the thin film, may lead to

misinterpretation of AFM images of columnar thin films.

4.7 Surface Roughness Measurements

In the previous section, I discussed the use of AFM images as micrographs of the

surface. However, AFM images are also used to measure surface roughness. Surface

roughness influences such processes as wear [23] and scattering of light [1, 24]. Most

programs used to analyze AFM data also contain routines to calculate a number of

surface roughness parameters. Measurements of surfaces roughness are typically

reduced to a single parameter (such as arithmetic roughness, which is related to the

property under study) or used to compare two similar surfaces.

In surface profilometry, the distofion of line scans profiles by the tip is well known

126-301. For example, the arithmetic and peak to valley measures of surface roughness

were studied for various machined surfaces [26,27].In these studies, the surfaces of

materials prepared by a number of techniques (e.g. milling, planing, grinding, and

electrochemical machining) were scanned using a2.5 ¡tmdiameter stylus. This profile

was digitized and profiles with progressively larger and larger diamter styluses (up to

50 pm) were simulated. The effect of the tip diameter on the arithmetic roughness and

the peak to valley height depend on how the surface was formed. For some types of

machined surfaces, with increasing tip diameter, the roughness increased, whereas for
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others the roughness decreased. For all the surfaces, the roughness of the most

distorted simulated profrles (the 50 pm stylus) differed from the original profile by at

most 307o.

The effect of the finite radius of the AFM tip on surface roughness measurements is

less extensively studied. Although, there has been some work involving the effect of
the finite size of the AFM tip on the RMS roughness and power spectra of sinusoidal

surfaces [6,31]. For a sinusoidal surface imaged with a constant tip radius, the RMS

surface roughness of the distorted profile is less than that of the original surface if the

surface wavelength falls below a critical value. Furthermore, the Fourier transform

power spectrum of a sinusoidal surface is also significantly affected by the finite size of
the tip. For a surface consisting of the superposition of two sinusoids, if the tip radius

is large compared to the surface features, the power spectrum of the distorted surface

does not contain the spectral components of the original surface, but components at

other spatial frequencies. This example demonstrates the non linear nature of imaging in

AFM.

4.7.2 Surface Roughness parameters

Surface roughness can be quantified using a variety of different par¿rmeters [23],
that can be divided into two groups: (1) are single values to describe the roughness; (2)

statistical measures of roughness. The common single value parameters for roughness

are the arithmetic roughness, or R¿, and the RMS roughness. Unfortunately, these two

parameters only describe the vertical roughness of a surface. Two surfaces with

identical vertical roughness can have very different surface structure and a measure of
the horizontal roughness is needed to accurately specify the roughness ofa surface [1].
The horizontal measurement of roughness that was studied is n(0), the number of
intersections that the profîle makes with the mean line of the profile over a specified

distance [23].
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Statistical measures of surface roughness better describe the surface than single

valued parameters [23]. Two commonly used statistical measures of surface roughness

are the bearing ratio and the power spectral density (PSD). The bearing ratio is a useful

parameter for characterizing abrasive wear of surfaces [23]. The pSD is the power

spectrum of the Fourier transform of the surface profile I23l and provides useful

information on the geometric structure of the surface; in particular, it is useful for

detecting periodic structures in the profile.

4-7.3 Yertical and Horizontal Measures of surface Roughness

The arithmetic and RMS roughnesses are closely related. The arithmetic roughness

is more commonly used, as it is usually specified in industrial standards [23]. The

arithmetic roughness and the RMS roughness of a surface are given by:

R"=tË, lv'-vt
i=l

(4.4)

(4.s)

where R¿ is the arithmetic roughness, Rrms is the RMS roughness, n is the number of
data points in the profile, yi are the data points that describe the relative heights of the

surface, and y is the mean height of the surface. The mean height of the surface is

given by:

(4.6)

The R¿ and RMS roughness for the original profiles and the distorted profiles were

calculated using the above equations for both trial surfacesand are given in table 4.3.

R'*s =(*å rv,-n')''

Y=#Ë t'
i= I
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Trial Surface

AICU

SIMBAD

R¿ (units)

8.1

6.8

Rrms (units)

6.5

).)

Table 4.3 The arithmetic and RMS roughness of the two trial surfaces.
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The roughness values for the distorted profiles were noûnalized to the roughness of
the original profile. The variation in the vertical roughness of the profiles with

increasing tip radius a¡e shown in fîgure 4.8. As the tip increases in size, the vertical

roughness of the profiles decreases. This reduction in the vertical roughness is caused

by the AFM tip not being abte to trace the surfaces to the bottom of the regions between

the columns.

It is difficult to relate the data in figure 4.8 to real AFM images, as the typical

experiemental sin¡ation is a constant radius AFM tip with varying feature size, not the

situation shown in figure 4.8. A better way to plot the data would be to have the

ordinate in figure 4.8 be a measure of the relative sharpness of the tip and surface. In

the previous sections, I have shown that, for many thin films, the ratio of the radius of
curvature of the features in the AFM image (Rer.u) and the radius of the AFM tip
(Rtip) is a useful parameter for determining the relative distortion of AFM

images[10,19]. Using the ratio, the results from the simulations can be related to the

surfaces of real films. This ratio is a physically valid parameter, if the approximately

spherical apex is the only paÍ of the tip in contact with the surface. Using the average

radius of curvature of the five features in the profile, the ratio R6¡,¡4/R¡ip was

determined for each simulation.

The RMS and arithmetic roughnesses are replotted in figure 4.9. The effect of the

finite size of the AFM tip on the surface roughness depends on the surface. The vertical

roughness for the trial surface generated by the thin film deposition simulator

(SIMBAD) is less than the that for the cross section of the thin film (AlCu). However,

for both trial surfaces, the decrease in the vertical surface roughness is less than l5Vo

for (Raru/Rtip) ratios greater than 2.I feel that the results presented here are

representative of the results for other columnar thin films, because the shape of the

surfaces of columnar thin films are sufficientlv similar.
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Figure 4.8 The effect of increasing tip radius on the arithmetic and RMS roughnesses

of the two trial surfaces. The roughnesses values have been normalize to

the roughness of the original surfaces. The roughness of the original

surfaces are given in table 4.3. The solid line and the dashed line are the

RMS and R¿ roughness of the SIMBAD trial surface, respectively, and the

dotted line and the dashed-dotted line are the RMS and R¿ roughnesses for

the Al-Cu trial surface.
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Replotting the data in figure 4.8, with the ordinaæ being the ratio of the

radius of the features in the AFM image to the radius of the tip

(Ranr¿/Rtip). This ratio is a measure of the relative size of the feature in

the AFM image and the tip and it gives an indication of the degree of

distortion in an AFM image. The solid line and the dashed line are the RMS

and Ra roughness of the SIMBAD trial surface, respectively, and the

dotted line and the dashed-dotted line are the RMS and Ra roughness for

the Al-Cu trial surface.
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The horizontal roughnesses of the trial and distorted profiles were determined from

the number of intersection the profîle makes with the mean line of the profile. This

parameter, n(0), is specified in domestic and ISO standards [23]. The mean line of the

various profiles was calculated using equation 4.6.In table 4.4, the variation in n(0)

for various ratios of R6p¡4/Rtip is shown for both trial surfaces. From the results in

table 4.4, it is seen that this parameter is sensitive to distortion in the AFM image. The

parameter n(0) both increases and decreases as the size of the tip increases. This

variation observed in n(0) occurs for two reasons: (l) as the profile becomes distorted,

the median line moves. Depending on the height of the features, the number of features

intersected by the median line will change. Furthermore, in severely distorted profiles,

not all the features in the original surface are imaged (see the dotted line in fìgures 4.4

and 4.5), reducing the number of features that the mean line will intersect. This

suggests that n(0) is a poor parameter for specifying the horizontal roughness of AFM

profiles of surfaces.

4.7.3 Statistical Measures of Surface Roughness

The bearing ratio (t6) was developed to determine the contact area between two

surfaces, and is defined as the length of the profile above a horizontal line through the

distribution [23]. The bearing ratio is typicatly shown as a graph in which the ordinare

is the height below the highest peak in the profïle (see figure 4.10 and 4.11). This

makes the bearing ratio curves a more accurate reflection of the vertical roughness of

the surface than arithmetic or RMS roughness. The length of the surface is a measure of

the vertical roughness of the film, whereas the shape of the bearing ratio curve is an

indication of topography of the surface. In figures 4.10 and 4.11, the bearing ratio

curves for the AICu trial surface and two distorted profîles of the trial surface are

shown.
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R4py/R1ip

Original Profìle

10

)

1.5

n(0)

(AICU Profìle)

10

9

9

6

n(0)

(SIMBAD Profile)

13

8

10

8

Table 4.4 The effect of the tip shape on n(0), a measure of the lateral roughness of a

surface. n(0) is the number of times the profile crosses its median line. This

Parameter is sensitive to the distortion caused by the shape of the AFM tip.
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Figure 4.11 The bearing ratio for the AICu tial surface. The solid line is the bearing

ratio of the orginal rial surface and the dashed line is the bearing ratio

curve for a severely distorted profile (RAIry/R¿ip = 1.5). The bearing

ratio curve of the distorted image has a different shape than the curve for

the original surface, and the distorted profile signifantly underestimate the

total length of the bearing ratio curve.
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The two ratios correspond to two types of distorted surfaces: (l) a profite where the

original profile is visibly distorted, but still representative of the surface (R4¡r¡4/R¡¡O =

5); (2) a severely distorted profile (Ref,¡,¿/Rrip = 1.5r. The bearing rario of the

distorted profile (RefU/Rtip = 5) and the original surface are shown in figure 4.10,

and the bearing ratio for rhe severely distorted profile (Reru/Rup = 1.5) is shown in

figure 4.11. The distortion has little effect on the bearing ratio curve for the profile with

R¡¡14/R1¡p = 5. The bearing ratio curve for the distorted image has the same shape as

the original surface, except that the total length of the surface is overestimated by

approximately 5 Vo. Tlns overestimation is caused by the shape of the tip making the

features in the distorted profile wider than the features in the original profile. However,

the bearing ratio curve for the severely distorted image is significantly different from the

bearing ratio curve for the original surface (figure 4.Il). The total length of the

distorted image is 15 Vo smaller than the original profile and the shape of the bearing

ratio curve differs significantly from the curve for the original surface. In the severely

distorted profile, a number of the features are no longer imaged (see figure 4.4), which

causes the differences between the two curves observed in figure 4.11.

In AFM, both 1 dimensional and 2 dimensional power spectral density curves

(PSD) are used to characterize the structure of surfaces l32l.In this work, I will

concentrate on the 1-D PSD, as the simulations I use are line scans, not 2-dimensional

images. The l-D PSD is:

(4.7)

where L is the length of the profile and y(x) is the profile. In figure 4.I2, thepSD for

the original surface of the Al-Cu trial surface and two distorted profiles of the AlCu trial

surface are shown. The vertical scales for the three graphs a¡e the same.

PSDI¡ = +lt 
|v{*)",<o*r 

¿*12
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Frequency ( 1 /Pixel)

Figure 4.12 The power spectral density curves for the original AlCu trial surface and

two distorted profiles of the same trial surface. All th¡ee PSD curves have

the same general shape, however the distorted profiles do not contain all

the peaks in the original surface, plus the PSD curves for the distorted

curves also contain peaks that do not exist in the original surface. The

distortion of the profìles by the finite size of the AFM tip is not easily seen

in these PSD curves.
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The PSD of the original surface consists of a number of peaks at lower frequency,

corresponding to the large features in the image. At higher spatial frequencies, the

amplitude of the PSD gradually decreases by approximately 4 orders of magnitude. The

two distorted profiles are the same as those used in the bearing ratio analysis,

Re¡U/Rtip = 1.5 and R4p¡4/Rtip = 5. The smaller the ratio R¡¡r¡/R¡¡p, the blunrer

the tip is compared to the surface. Intuitively, one would expect a blunt tip to cut off

some of the higher spatial frequency components in the PSD plot. However, this does

not happen. The nonlinearity of the imaging preserves the higher spatial frequency

components and most of the distortion occur at lower spatial frequencies. For example,

the dashed line in figure 4.I2 goes through the same spatial frequency in all three

PSDs. This spatial frequency corresponds to position of the fourth peak in the pSD of

the original trial surface. In the PSD for the first distorted profile (Ra¡r¡a¡prip = 5), this

frequency also corresponds to a peak; however, the peak is not as sharp in the PSD of

the original surface. In the severely distorted profile (RRfU/Rtip = 1.5), there is no

peak at this frequency, but rather there is a dip in the curve. Thus, the frequency

components in the PSD of a distorted AFM image can be significantly different from

those of the original surface. These results are simila¡ to those reported by Griffith et al.

for sinusoidal surfaces [6]. The PSD does not seems to be a straightforward

measurefor comparison of the surface roughness of thin films.

4.8 Conclusions

I have shown that distortion of AFM images of thin films is a signifîcant artifact in

AFM imaging of thin films. I have studied this effect on two applications of AFM

imaging: (l) using the images as micrographs; (2) measurement of surface roughness.

First, I have shown that the extent of the distortion in an image can be determined

using, the ratio of the radius of the features in an AFM image to the radius of the tip

(RRfV/Rtip). Second, I have shown that the degree of distortion in an image can be
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divided into three domains: visually accurate, non representative, and distorted. For the

distortion in an AFM image of a columnar thin films to be small enough for the image

to be visibly accurare, RA¡¡4/Rrip > 10. If Reru/Rúp < 2, the AFM images are

severely distorted and the AFM image contains very little information on the structure

of the surface. These severely distorted images are considered to be non representative

of the actual surface of the thin film. For f,rlms with R4¡r¡4/Rtip tretween 2 and 10, the

images are distorted, but contain useful information on the structure of the film surface.

The images in the distorted category must be interpreted carefully. Third, the effect of

tip distortion on surface roughness measurements was studied using the same

simulations. Vertical roughness measurements are relatively insensitive to the distortion

caused by the AFM tip, unlike the lateral roughness measurement. For distorted AFM

images (R6¡ry7p,ip = 5), the bearing ratio curve was similar in shape to the curve for

the original surface, but the bearing ratio curve for the severely distorted profile

(R4¡r¡4/R¡ip = 1.5) was significantly different. The general shape of the power spectral

density (PSD) curves for the original and distorted profiles did not change. However,

the position of the peaks in the PSD at low spatial frequencies did vary with increasing

distortion. The lack of change in the general shape of the PSD curve with increasing

distortion indicates that the effect of tip induced distortion in AFM images is not easily

observed in PSD curves.
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Chapter 5

The Microstructure of Thin Fitms Observed
using the Atomic Force Microscope

An obvious application of AFM is the study of the surface topography of

amorphous and polycrystalline thin films. However, there has not been a general

study of the surface structure of thin films using AFM. The microstructure of

amorphous and polycrystalline thin films tends to be columnar, leading to

microscopically rough surfaces that can be difficult to observe using traditional

electron microscopy techniques. Thin film surfaces ¿ìre ideal for AFM imaging, they

are hard and the surface structures are the appropriate size (features I to 1000 nm

across) for AFM. Since the AFM is a profilometer based technique, the width and

height measurements in the images are quantitative. This quantitative data allows

simple, accurate, and quantitative characterization of surfaces and surface structures,

provided measurement artifacts a¡e avoided.

In this chapter, I examine the surface microstructure and nanostructure of

common sputtered and evaporated thin films using AFM. I show that the AFM is an

excellent instrument for studying thin films, as the AFM can easily resolve the

columnar microstructure of thin films. In particular, I have examined the important

temperature and sputter pressure dependent transitions using At-Cu and Ti thin films.
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The shape of individual columns was studied and I found that they have a number of

different shapes, from round and elongated to irregular. The surface structure of

individual columns varies from smooth to atomically rough. Possible mechanisms for

the formation of some microstructures is also discussed.

5.l Experiment

The thin films examined in this study were deposited in four different sputtering

and evaporation systems used in semiconductor fabrication facilities or in research

environments. The four systems used in this study were: a Perkin Elmer 4410 sputter

system, a Varian 3 I 1 8 sputter system, a research sputter system I I ], and a diffusion

pumped electron beam evaporation system. The sputter source in the Perkin Elmer

4410 is a delta target planar magnetron source. The substrates rotate in front of the

sputter source during deposition. The sputter source in the Varian 31 18 is a Con-Mag

magnetron source. In this type of sputter source, the material is sputtered from the

inside surface of a torus shaped target. The research sputter system has a 5 x 8 inch

planar magnetron sputter source with an oval race track. The electron beam

evaporation source is an Airco Temescal STIH 270 2l\tß four pocket source with 15

cc crucibles. The source/substrate distance for this svstem is 40 cm.

The thin film surfaces were scanned with a commercial AFM (Park Scientific

Instruments) controlled by custom electronics and software. The AFM tips were

commercial Si3N4 cantilevers with integrated tips. The radius of curvature of the tips

is given by the supplier as 400 Å. However, I found the radii of these tips to vary

considerably, some having radii as small as 100 Ä [2]. The thin films were mounted

on SEM stubs using silver paint, and the surfaces were not cleaned before scanning.

The deposition conditions for all the films in this study were those typically used to

deposit these materials. All the films were deposited onto Si wafers and the film



T2T

thickness varied between 0.15 and 2.0 pm, depending on the sample. The deposition

conditions for the films in this study are shown in table 5.1 and 5.2.

5.2 A.ccuracy of AFM Images

The accuracy of the images presented in this chapter was determined using the

techniques described in chapter 4. The radius of curvature of the features in the AFM

images were calculated and the results are shown in table 5.2. To determine the

accuracy of the images, the radius of the AFM tip used to produce the image must be

known. Unfortunately, the actual radii of the AFM tips used to scan the various thin

film surfaces are not known. However, experience suggests that the tip radius was

between 100 and 200 Å [2]. Assuming a 200 Å tip radius, all of rhe films in this srudy

(except the Nb film) can be characterized as visibly accurate or distorted. For this

chapter, distorted images are acceptable, as only the general shape of the

microstructure of the films is of interest.

The radius of the features in the AFM image of sputtered Nb film (figure 5.4)

suggests that this image could be non representative (R6p¡4 = 240 ^Å.¡. However, the

general rounded and elongated shape of the features was independently observed

using scanning electron microscopy. This leads me to believe that this image is

representative of the actual surface of the Nb thin film, and the AFM image falls into

the distorted category. Unfortunately, the resolution of the SEM was insufficient to

determine if there were large voids between the columns and thus I am are unable to

determine if the microstructure of the film is zone I or zone T.

5.3 Results

Grey scale AFM images are similar in appearance to SEM micrographs.

Unfortunately, the interpretation of AFM images is somewhat different than for SEM

micrographs. Many of the intuitive insights used to interpret SEM micrographs are
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1 (a)

(b)

2 (a)

(b)

(c)

3

4

5

6

7

Ti

Ti

Al-Cu

Al-Cu

Al-Cu

Cu

Nb

Ti

w

Ti-w

N{aterial Deposition
Technique

Sputtering

Sputtering

Sputtering

Sputûering

Sputtering

Evaporation

Sputtering

Evaporation

Sputtering

Sputtering

Film
Thickness

(ym)

0.2

o.2

0.5

0.5

0.5

2.0

0.16

1.0

0.5

0.15

Deposition
System

P. E.

P. E.

Va¡ian

Va¡ian

Varian

Evaporator

Research

Evaporator

Research

Va¡ian

Table 5.1 Deposition techniques and deposition systems used to deposit the

films in this studv.
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Figure híaterial
Substrate

Temperature
("c)

Unheaûed

Unheaûed

25

150

300

Unheated

Unheated

v
Unheated

300

I (a)

(b)

2 (a)

(b)

(c)

5

4

5

6

7

Ti

Ti

Al-Cu

Al-Cu

Al-Cu

Cu

Nb

Ti

w

Ti-w

T/Tm

0.16

0.16

0.32

o.45

0.61

0.23

0.10

o.r7

0.09

0.16

Ranr
(,{)

400

4N

22W

3500

3000

500

24

600

800

5800

Table 5.2 The deposition conditions and the radius of the features in the AFM

images of the films in this study.
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not valid in interpreting AFM images [3], because the two images are produced by

very different physical processes. The grey scale in the AFM image represents the

height of the surface. The mapping of the grey scale and height is typically linear. In

our images, the legend for the vertical axis is a grey scale side ba¡. The heights in the

side bar are given in Å.. The AFM images are 256 x256pixels and, unless otherwise

noted, the images have not been filtered.

The sputter pressure dependent zone I to zone T transition is shown in figure 5.1.

This figure contains the AFM images of two sputtered Ti thin films, one deposited at

2 mTorr and the other deposited at 6 mTorr of argon, onto room temperature

substrates (TÆm = 0.16, see table 5.2). The tight fibrous columns observed in the

film deposited at 2 mTorr (figure 5.la) are indicative of a zone T microstructure. The

distinct columns observed in the 6 mTorr thin film (figure 5.1 b) is indicative of zone

1. This transition from the tight fibrous zone T microstructure to the open voided

columnar microstructure with decreasing sputter pressure is predicted by the structure

zone model.

The temperature dependent zone 2 to zone 3 transition is shown in figure 5.2. This

figure shows AFM images of sputtered Al-Cu (4Vo) tlttn films deposited at increasing

substrate temperatures. Al-Cu alloy thin films are commonly used in VLSI

metallization. In figure 5.2a, the low substrate temperature microstructure of the

sputtered Al-Cu is shown. The distinct columns observed in the images and the lack

of voids between the columns suggests a zone 2 microstructure. This agrees with

predictions of the structure zone model since TÆm = 0.32 for this film, which is at

the low temperature edge of the zone2 structure. The columns in the film deposited at

300' C have flat faceted surfaces and are approximately as wide as the film is thick

(0.5 pm), indicative of a zone 3 film. The 150" c film (figure 5.2b) has a complex



Figure 5.1 The surface microstructure of Ti sputtered at a) 2 mTorr and b) 6 mTorr. The 2 mTorr film, with its

isolated columns, has a zone 1 microstructure. The 6 mTorr thin film has a dense, fibrous microstructure,

which is indicative of a zone T microstructure.

(a) (b)

N)t¡l



(a)

Figure 5.2 (see next page)

(b)

lv



(c)

Figure 5.2 The surface microstructure of sputtered Al-Cu (47o) films deposited at substrate temperatures of: a) 25" C,b)

150' C, c) 300" C. The microstructure of the25' C film is a zone 2 film and zone 3 for the 300" C film.

N)\ì
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themicrostructure that shows an intermediary columnar microstructure between

lower and higher substrate temperature films (figures 5.2a and 5.2c).

The next group of images show the different columnar microstructures observed

in thin films. The domed columns and voids in the evaporated Cu thin fìlm (figure

5'3) indicate a zone 1 microstructure. The columns in the sputtered Nb film (figure

5.4) are elongated, but the individual columns have smooth, rounded surfaces. The

columns in the evaporated Ti thin film (figure 5.5) are well defined and faceted. This

structure, along with low substrate temperature (TÆ¡¡, = 0.17), classifies this as a

zone I microstructure. The AFM image of sputtered W (figure 5.6) has no clearly

defined columnar microstructure and it does not fît the structure zone model easily. It

might be a form of zone T structure where the columns are so fibrous that it is
difficult to clearly identify individual columns.

The AFM image of the sputtered Ti (10 wt Vo)-W thin film (figure 5.7) shows a

surface structure different to that observed in other thin films. The surface appears

vaguely columnar, but the surfaces of the large features have significant texture being

relatively flat and comrgated. On each large feature, the com:gations are oriented, but

the corrugations on different features are not oriented with respect to each other.

Figure 5.8 shows a cross section through the comrgated texture on the surface of the

large features. The comrgations are 100 to 200 Å across and less than 10 Å trieh.

5.4 Discussion

5.4.1 Columnar Microstructure

The transitions between the various microstructures of the structure zone model

are important, because they show how dramatically the structure of a film can change

by varying a deposition parameter. In figures 5.1 a and b, the transition between zone

T and zone 1 microstructures for sputtered Ti is shown. This transition is
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Figure 5.3 The microstructure of an evaporated Cu thin film. The microstructure

of this film, with its isotropic rounded features, wa^s also observed in

As and MsFr thin films.
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Figure 5.4 The microstructure of a sputtered Nb thin film. The columns in the

film are elonsated and have rounded smooth surfaces.
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Figure 5.5 The microstructure of electron beam evaporated Ti. The microstructure

is zone I and the individual columns show facetins.



t32

Figure 5.6 The microstructure of sputtered W. The microstructure of this lllm

is not as obviously a columnar microstructure, but the surface does

shorv both complex micro and nano structure.
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Figure 5.7 The surface of a Ti(wt lO %o)-W alloy film, sputtered at a

substrate temperature of 300" C. The overall surface has large

features and the surface of each feature consists of a series of

corrugations 5 - 10 Å high and 100 - 200 Å across.
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o
304

o
204

o
104

o
OA

t-l
o

500 A

Figure 5.8 A cross section through a single feature in figure 5.7. The cross

section shows the comrgations which are approximately I to 2 atomic

layers high. This measurement oîthe height of these comrgations -

shows the adva¡tage of the AFM's ability to directly measure the

height of the surface features.
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technologically important, because the dense microstructure of zone T films make

them better candidates for many applications. The distinct columns observed in a

zone I film (figure 5.lb) are caused by self shadowing. Self shadowing occurs during

deposition when one portion of the film shadows another portion from the incoming

deposition flux. Surface diffusion of adatoms is too small for the adatoms to diffuse

into the shadowed regions. This leaves voids between the columns [4, 5]. In zone T

films, the sputter gas pressure is low enough that the flux of ions and atoms striking

the film have sufficient energy to resputter the growing film. This resputtered material

is redeposited in the voids which fills the voids [4, 5].

Another structure zone transition is the variation in the microstructure with

increasing substrate temperature. In figure 5.2, the transition from a zone Z

microstructure (figure 5.2 a), to the higher substrate temperature zone 3

microstructure (figure 5.2 c) is shown. With increasing substrate temperature, the

mobility of the adatoms increases and the width of the columns increases. In this

study, the columns increase from 90 nm for the 25'C film to 450 nm for the film

deposited at 300' C. A transition is also observed in the structure of the individual

columns. The25'C film has the rounded columns typically associated with low T/Tm

microstructures, whereas the columns in the 300" C film are flat and faceted. The

occuffence of flat or faceted surfaces in films deposited at large values of TÆ¡¡

suggests that the columns in these films are individual crystalline grains [4,5].

In an individual structure zone, the shape of the columns can vary. In this work, I
have observed that zone I and zone T films form three differently shaped columns:

(1) rounded domed columns; (2) rounded elongated columns; (3) faceted columns.

The microstructure of the Cu thin film (fig. 5.3) is an example of a film with rounded

domed columns. I observed similar shaped columns in films of evaporated Ag and

MgFZ. The second type of column, rounded elongated columns, is observed in the



136

Al-cu film deposited at 25" C (fig 5.2a) and the sputtered Nb film (fig 5.4). The

direction of elongation of the columns in both films seems random. The third type of

column observed in zone 1 and zone T films is the faceted column. This type of

column is observed in the evaporated Ti thin film (fig 5.5). Simila¡ faceted columns

were observed in FE-SEM micrographs of evaporated Nb (T/Tm = 0.1) [2].

The similarity of the first two column shapes, the round domed and round

elongated, suggests that the process that forms these two structures is similar. The

elongation of the columns observed in some films could be due to a preferred growth

direction. The formation of domed and faceted zone I and zone T columns was

described by Thornton [4]. Who suggested that the shape of columns in zone 1 and

zone T films depends on the degree of anisotropy in the sticking coefficient and

mobility of the adatoms. If adatom sticking coefficient and mobilty are both isotropic,

then the columns are rounded. If the adatom sticking coefficient and mobilty depend

on the orientation of the crystalline surface, the columns will form facets. The faceted

surfaces are the low growth rate planes.

5.4,2The Nanostructure of Thin Films

The surface structure of individual columns is significantly smaller than the

columnar microstructure and for this reason it is relatively unstudied. The high

resolution of the AFM easily resolves these structures. TVe call the surface texture of

individual columns, the film nanostructure. Since the nanostructure of a film is of

atomic scale, the properties of these structures should be related to the optical,

electrical, and crystalographic properties of the film. In this study, three different

nanostructures were observed: (1) columns with smooth, rounded surfaces; (2)

columns with flat or faceted faces; (3) columns with a discernible surface structure.
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A commonly observed nanostructure were columns with smooth surfaces. This

nanostructure was observed for both zone I and zone 2 films. The Cu (fig 5.3), Nb

(fig 5.a) and Al-Cu 25" C (frg 5.2 a) films have columns which contain no observable

surface texture. Simila¡ smooth columns were observed in AFM images of evaporated

Ag and MçFZ films. The second type of nanostructure, flat or faceted columns, was

observed in zone 1 and zone 3 films. The mechanism for forming the flat or faceted

surfaces in the zone 1 and zone 3 films is very different. In the zone 3 film (Al-Cu

300" C, frg5.2c), the flat regions are caused by bulk diffusion. The flat surfaces of

this film are the surfaces of the crystalline grains of the film. The faceted columns

observed in the zone 1 film (evaporated Ti film, fig 5.5) are formed by anisotropy of

sticking coefficient and mobility of the adatoms.

A third type of nanostructure was observed in this study, films with discernible

surface texture. Three of the films in this study had features with discernible

nanostructure: sputtered W (fig. 5.6), sputtered Ti-W (fig. 5.7) and sputered Al-Cu

film deposited at 150" C (fîg 5.2b). The nanostructure of each film is different. The

surface of the sputtered W film consists of a series of ripples. The columnar

microstructure of the Al-Cu fîlm seems to be an intermediary structure between zone

2 and zone 3 microstructures. The surface of the columns consists of ripples and holes

between 20 and 100 Å high. The surface of the Ti-W film consists of com¡gations

less than tO Å trigtr with a period of between 100 and 200 Å. The comrgations on a

single feature are'all oriented in the same direction, but differ between features. To

improve the visibility of these comrgations, an edge enhancement routine was used

(see fig 5.9). It is not clear how these various nanostructures form.

5.5 Conclusion

It is well known that the structure zone model predicts general trends in

variation of columnar microstructure with deposition conditions. However,

the

the
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Figure 5.9 A computer enhanced image of fìgure 5.7. The image was enhancecl

by using image processing to enhance the edges in the image. The

corrugations in the image are cleater than they appear in figure 5'7.
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structure zone model does not predict the shape or size of the columnar

microstructure, nor does it address the nanostructure of thin fîlms. This work shows

that the structure zone model can classify the columnar microstructure of most films.

The results presented here also shows the diversity of micro and nanostructures in

thin film which is not predicted by the structure zone model. The images presented in

this chapter suggest that there is a need to step beyond the structure zone model to

fully describe the possible micro and nanostructure of thin films.
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Chapter 6

ConclusÍon

As stated in the introduction, the aim of this thesis is to determine if the AFM is an

appropriate instrument for studying the topography of thin film surfaces. The answer to

this question is, YES, if one is careful. AFM images of the columnar microstructure

and nanostructure of thin films shown in chapter 5 clearly indicate that the AFM

provides unique quantitative information on the topography of these surfaces. The

images in chapter 5 were easily acquired and show features of thin film structure that

previously have not been discussed in the literature. However, the work in chapters 2

to 4 shows that the AFM, like all instruments, has limitations. In these chapters, the

limitations on the imaging of surfaces by AFM caused by the control system and the

finite size of the AFM tip are discussed. These two factors where chosen, because they

are obvious factors which will limit the accuracy AFM images.

A model for the AFM electromechanical control system was developed, a model

that reflects the operation of the electromechanical AFM control system. All the

parameters for the model were measured directly from the AFM we used in the

experiments. Using this model, the ability of the AFM control system to track various

types of surface structure was studied. The surface studied were sinusoidal and

triangular surfaces, and nvo surfaces representative of columnar thin films. I found that

the accuracy with which an AFM control system tracks a surface depends not only on
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the response time of the control system, but also on the rate at which the image is

acquired and the number of features in the image. Using these simulations, it was

found that, for the typical response times, scan rates, and magnifications used in this

thesis, the AFM images were not significantly distorted by the control loop. However,

some sharp surfaces and small surface detail could be distorted by the control loop. It

is recommended that, for better tracking of the surface topography, the x scan rate

should be reduced from 8 to 6Hz.

Using simulations and AFMÆE-SEM images of thin fîlm surfaces, I found that

distortion of AFM images by the tip is a significant artifact in imaging the surfaces of

columnar thin films. The amount of distortion in an image depends on the relative

sharpness of the tip and the surface features. For surface with roughnesses less than

200 Å, the ratio R6p¡4/fuip is a simple measure of the relative sharpness of the tip and

the surface. The larger this ratio, the less an image is distorted. Using simulations, the

effect of this distortion on the accuracy of thin film images was determined. When

using AFM images as micrographs of thin film surfaces, three domains of accuracy

were identified using the simulations: (1) visually accurate; (2) non representative; (3)

distorted. In visually accurate images, the distortion is too small to be observed by eye,

whereas in non representative images, the distortion is so great that the AFM images do

not reflect the actual surface of the thin film. Distorted images fall between these two

extremes; they do contain visible d.istortion, but information on the surface topography

of the film can be gleaned from these image. However, the data in this regime of

distortion must be interpreted carefully. Examination of AFM images of actual

columnar thin films show that the images of these films fall almost equally into each of

these domains.

The field of AFMis still young and has the potential to study surfaces in ways

never before possible. However, to reach its full potential, further studies a¡e needed to
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improve our understanding of the artifacts in this technique, both those discussed here

and possibly unrecognized artifacts. The work presented here should be looked upon as

a starting point for these fufher studies.




