
Applications of scanning force microscopy
to magnetic and electronic media

Item Type text; Thesis-Reproduction (electronic)

Authors Ingle, Jeffery Thomas, 1962-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:04:40

Link to Item http://hdl.handle.net/10150/277145

http://hdl.handle.net/10150/277145


INFORMATION TO USERS 

The most advanced technology has been used to photo
graph and reproduce this manuscript from the microfilm 
master. UMI films the text directly from the original or 
copy submitted. Thus, some thesis and dissertation copies 
are in typewriter face, while others may be from any type 
of computer printer. 

The quality of this reproduction is dependent upon the 
quality of the copy submitted. Broken or indistinct print, 
colored or poor quality illustrations and photographs, 
print bleedthrough, substandard margins, and improper 
alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a 
complete manuscript and there are missing pages, these 
will be noted. Also, if unauthorized copyright material 
had to be removed, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are re
produced by sectioning the original, beginning at the 
upper left-hand corner and continuing from left to right in 
equal sections with small overlaps. Each original is also 
photographed in one exposure and is included in reduced 
form at the back of the book. These are also available as 
one exposure on a standard 35mm slide or as a 17" x 23" 
black and white photographic print for an additional 
charge. 

Photographs included in the original manuscript have 
been reproduced xerographically in this copy. Higher 
quality 6" x 9" black and white photographic prints are 
available for any photographs or illustrations appearing 
in this copy for an additional charge. Contact UMI directly 
to order. 

University Microfilms International 
A Bell & Howell Information Company 

300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 
313/761-4700 800/521-0600 





Order Number 1338845 

Applications of scanning force microscopy to magnetic and 
electronic media 

Ingle, Jeffery Thomas, M.S. 

The University of Axieona, 1989 

U M I  
300 N. Zeeb R& 
Ann Arbor, MI 48106 





APPLICATIONS OF SCANNING FORCE MICROSCOPY 

TO MAGNETIC AND ELECTRONIC MEDIA 

by 

Jeffery Thomas Ingle 

A Thesis Submitted to the Faculty of the 

COMMITTEE ON OPTICAL SCIENCES (GRADUATE) 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF SCIENCE 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 8 9 



STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment of requirements for an 
advanced degree at the University of Arizona and is deposited in the University 
Library to be made available to borrower's under the rules of the Library. 

Brief quotations from this thesis are allowable without special permission, 
provided that accurate acknowledgement of source is made. Requests for permis
sion for extended quotation from or reproduction of this manuscript in whole or 
in part may be granted by the head of the major department or the Dean of the 
Graduate College when in his or her judgement the proposed use of the material 
is in the interests of scholarship. In all other instances, however, permission must 
be obtained from the author. 

SIGNED: 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

Date 
Professor of Optical Sciences 



3  

ACKNOWLEDGEMENTS 

I would like to thank my research advisor, Dror Sarid, for his many helpful 
ideas, support and encouragement. Without his assistance, this research and thesis 
would not have been possible. 

I would like to acknowledge the continuous support of the Optical Data Sto
rage Center, sponsored by IBM, Siemens, Eastman Kodak, and the state of Arizona, 
and the encouragement of its director, James Burke. I would like to thank Josef 
Plotz of Siemens for his assistance during his visit to the Optical Sciences Center. 

Several members of our research group have contributed to the work in this 
thesis. Doug lams built the first force microscope in our group and gave much 
assistance to the other instruments which have been built and operated since then. 
He has been involved in the research, operation and theory of these force micro
scopes. Ken Moore designed the scanning electronics for the fiber coupled micro
scope. Sam Howells, Mark Gallagher and Rick Porter offered much advice and 
assistance throughout my research. The other members of the group, past and 
present, have always been very supportive. 

Finally, thanks go to my family for their support. 



4 

TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS 6 

ABSTRACT 7 

1. INTRODUCTION 8 

Background 8 

Detection Methods 9 

Applications 12 

Discussion of the Two Systems 14 

Organization 16 

2. THEORY 17 

Magnetic Forces 17 

Electric Forces 23 

Sensor Interaction 29 

3. SYSTEM NOISE 40 

Laser Diode Noise 40 

Detector Noise 42 

Lever Thermal Vibration Noise 43 

Comparison of Noise Levels 43 



5 

TABLE OF CONTENTS—Continued 

Page 

4. SYSTEM PERFORMANCE 46 

Description 46 

Comparison of Minimum Detectable Vibration Amplitude 55 

Comparison of Visibility 57 

Operational Results 60 

5. CONCLUSION 62 

Summary of Results and Comparisons 63 

Future Developments and Applications 64 

REFERENCES 66 



6  

LIST OF ILLUSTRATIONS 

Figure Page 

2.1 Tip and sample geometries for the magnetic interaction. 
a) Polar magnetization of sample. 
b) Longitudinal magnetization of sample. 
c) Orientation of tip magnetization dipole 18 

2.2 Theoretical plot of force derivatives vs. x for the polar case. 
a) 0 = 0° 
b) 0 = 45° 
c) 0 - 90° 21 

2.3 Theoretical plot of force derivatives vs. x for the longitudinal case. 
a) 0 = 90° 
b) 0 = 45° 
c) 0 = 0° 24 

2.4 Geometries for modelling the electric force interaction. 
a) Parallel plates. 
b) Spherical-plate 26 

2.5 Configurations of the two sensor systems. 
a) Fiber coupled laser diode feedback. 
b) Tightly coupled laser diode feedback 30 

4.1 Schematic of the fiber coupled system 47 

4.2 Schematic of the tightly coupled system 48 

o 
4.3 Representation of a 1 A lever vibration amplitude 58 

4.4 Constructive and destructive interference pattern demonstrating a 
visibility of nearly one 58 

4.5 Image of the electric force from a 300 /im wide electrode using the 
fiber coupled system 61 

4.6 Images of the electric force from an 8 fim wide electrode using the 
tightly coupled system. 
a) One edge of the electrode, resolution < I fim. 
b) Both edges of the electrode 62 



ABSTRACT 

7  

A scanning force microscope is an instrument which can image the forces 

present on a sample with high resolution. These forces include magnetic, electric, 

and atomic forces. The scanning force microscope uses either a tunneling, capaci-

tive or optical method of sensing the motion of a lever-tip mechanical system that 

reacts to the forces present on a sample. There are four optical methods used in 

scanning force microscopy: heterodyne, homodyne, deflection and laser feedback. 

In this thesis, two implementations of the laser feedback method of detecting lever 

motion are described: a fiber coupled laser diode feedback and a tightly coupled 

laser diode feedback. The theory of interactions between a tip and the magnetic 

or electric fields at the surface of a sample are presented, along with the theory 

of the laser diode feedback. The limiting noises inherent in the system are dis

cussed and representative values are given. Results of the sensitivity of the two 

systems are presented, and images of electric forces acting on the tip from interdi-

gitated electrodes are demonstrated. 
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Background 

The development of the scanning force microscope (SFM)1 was made possible 

by the invention of the scanning tunneling microscope (STM)2 which possesses 

atomic resolution. The scanning force microscope is used to image fields of force 

on a sample in a nondestructive manner. Whereas the STM uses a physical inter

action with the sample's atoms through a tunneling current, the SFM merely senses 

the forces produced by the sample, providing a truly nondestructive method of 

characterizing a sample's properties. Furthermore, the SFM can detect different 

types of forces such as magnetic3-12 and electric13-14 forces with 100 nm resolution 
i 

and atomic attractive and repulsive forces with atomic resolution15"27. 

To appreciate the operation of the SFM, the scanning tunneling microscope 

should be understood. The STM uses a sharp tip consisting of a single atom on 

its apex to scan the surface of a sample. The tip is brought to a distance of 

0 
10 A from a sample while a potential is applied between the two. This produces 

a tunneling current which is exponential in the tip to sample distance. By moni

toring the tunneling current, the height of the tip above the sample can be mea

sured, and an image of the sample height can be mapped with atomic resolution. 

The SFM uses a different approach by using a sharp tip that interacts with 

the fields on the surface of a sample. This interaction however is not detected 

directly by the tip. rather the tip is attached to a flexible cantilever. The field or 

field derivative acting on the tip generates a lever displacement. The change in 

position of the lever is then monitored as a function of sample position yielding an 
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image of the fields. The SFM has two major components: the vibrating lever and 

tip combination which detects and transfers the force information, and the sensor 

system which detects the motion of the lever. The lateral resolution of the system 

depends on three factors: the sharpness of the tip, its distance above the sample, 

and the signal-to-noise ratio of the sensor. 

An important advantage of using a vibrating lever to detect the motion of 

the tip is a mechanical property. The lever has a characteristic eigen-frequency 

at which the vibration amplitude is greatly increased due to its quality factor. 

The vibration amplitude will have a Lorentzian shape when plotted against fre

quency, with the resonance frequency at the peak of the vibration amplitude. 

When the lever is vibrated near this resonance frequency on the steep side of the 

curve, the force derivative will modify the eigen-frequency, thus causing this 

vibration amplitude. Currently, there are several different methods of implement

ing this sensor. Some of the major categories include STM detection, capacitive 

detection, and optical detection. Optical detection has become the preferred 

method as will be discussed in the following. 

Detection Methods 

The displacement of the lever can be detected by a tunneling 

method8'16'18'19'23, when a second tip is brought close to the cantilever attached to 

the tip; a bias voltage is applied between the two and a tunneling current is mon

itored. As the first tip causes the lever to move, the displacement of the lever 

frojn the second tip is detected from the change in the tunneling current. Since 

the tunneling current is exponentially dependent on the tip to tip distance, a very 

accurate measure of the first tip displacement can be measured. However, a dis
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advantage of this method is that the lever must be very smooth lest the tunneling 

current give inaccurate displacement information, or even cease to exist due to a 

depression in the lever bringing them too far apart. Optical detection operates 

over a larger area of the lever, thus averaging any defects. Consequently, optical 

methods were found to be more reliable and somewhat easier to implement. 

Detecting the lever movement through capacitive means has recently been in

troduced28. This system is implemented by placing another tip or small plate 

above the lever. This upper tip and the lever are basically electrodes which, 

when in near proximity, form a capacitor when a bias is applied. The value of 

the capacitance will depend on the separation of the two electrodes. The displace

ment of the lever from the stationary secondary tip can therefore be monitored 

through the change in the resonance properties of a tuned circuit. Again, a disad

vantage lies in the complexity of this system. 

As mentioned, the optical method of sensing the lever movement has found 

the widest acceptance. There are several methods of implementing optical detec

tion of the lever movement: heterodyne detection, homodyne detection, deflection, 

and laser feedback. 

The heterodyne method, one of the first optical methods used3'15, is also the 

most complicated. An optical beam is split, with one path being frequency shifted 

with an acousto-optic modulator and the other path focussed and reflected off the 

vibrating lever. The two arms are adjusted in polarization and recombined on a 

nonlinear optical detector for mixing. Through complicated electronics, the vibra

tion amplitude of the lever can be recovered. 

The homodyne method10'17'21 is simpler to understand and implement, but still 
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requires many optical and electronic components. There are several methods of 

implementing homodyne detection schemes. The simplest is that of a typical 

Michelson interferometer configuration. A novel concept using an optical fiber 

has been shown by [10], such that the reference signal is generated by the reflec

tion from the end of the fiber next to the vibrating tip and is mixed with the ref

lection from the tip itself. 

The deflection method24-26 is predominantly used when atomic resolution is 

required. In this case, the lever is not vibrated, but is dragged over the surface 

of a sample. The tip interacts with the atoms through the attractive or repulsive 

forces, causing the lever to move up or down following the contours of the sur

face. An optical beam is reflected off of this lever and detected by a position 

detector. As the lever moves up or down, the deflected beam will move in the 

far field; this change in position is monitored and can be related back to the tip 

position. The long optical path from the lever to the detector acts as a magnify

ing effect of the small lever displacement, and thus atomic resolution can be 

obtained. 

The optical feedback method11*12*29 is by far the simplest of these four detec

tion methods, involving the least number of components. This method typically 

consists of a laser diode package which includes the laser and a photodiode inte

grated at the rear laser facet. The vibrating lever is placed in front of the front 

facet of the laser. The vibrating lever reflects a small amount of the light coming 

from the front facet of the laser diode back into the laser cavity. This forms an 

external cavity which affects the operation of the laser itself, which can be mea

sured by monitoring the laser voltage or the output of the integrated photodiode. 
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Applications 

The scanning force microscope can be divided into several types of instru

ments, based on the forces which are detected. These include the magnetic force 

microscope (MFM), the electric force microscope (EFM), and the atomic force 

microscope (AFM). The MFM is used to image domains in magneto-optic thin 

films and magnetic tapes and heads. The EFM can be used to image the electric 

fields within electronic integrated circuits. The AFM gives atomic or near atomic 

resolution of various materials which could not otherwise be imaged by the STM 

because of their nonconductivity, such as chemical and biological substances. 

The magnetic force microscope can be used to characterize the size and 

shape of magnetic domains in data storage materials. These studies include the 

uniformity and number of defects in magnetic thin films found in magnetic tapes 

and high density storage disks. Studies have also been proposed for showing the 

formation and destruction of magnetic domains in magneto-optic media in a write-

overwrite progression. The resolution of magnetic images of the MFM is typically 

better than that found in optical microscopy using polarization techniques to view 

the magneto-optic Kerr effect. Better resolution can be found using Lorentz 

microscopy, a modification of transmission electron microscopy, but it is a complex 

and expensive process to obtain that resolution. Thus the MFM has found a spe

cial niche for researchers in magnetics and magneto-optics, and promises to be 

useful for commercial testing, evaluation and quality control. 

The electric force microscope has the potential to bring many benefits to the 

semiconductor industry. It has the capability to "see" the electric fields around 

conductors laid out in integrated circuits, even in the presence of a dielectric pas-

sivating layer. In the past, for a signal to be probed on a fully operational inte
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grated circuit, the passivating layer had to be removed and a metal probe must 

physically contact the conductor which carries the signal or voltage. Alternatively, 

an electron microscope is used to image the electron fields across an integrated 

circuit, necessitating a high vacuum. Oftentimes, the dc voltage at a particular 

point in a circuit needs to be tested to verify an internal connection or adequate 

power to a certain area of the circuit. The EFM can quickly and easily verify 

these voltages at any point in the circuit with much more resolution than is even 

needed. A typical conductive line within a circuit has a width on the order of 

10 microns, whereas the resolution of the EFM can be made as small as 0.1 

microns. The EFM could even be used to image the electric fields present around 

transistors; even the smallest technology available today is on the order of 0.3 to 

0.5 microns. A further application would be to monitor the state of memory dev

ices and cells without destroying the data written to them. 

Unlike the STM, the atomic force microscope does not require a conducting 

sample. Instead, it uses the van der Waals attractive and short range repulsive 

atomic forces. As discussed earlier, the AFM typically operates in a slightly dif

ferent mode than the MFM or EFM. To image the attractive forces, the tip still is 

vibrated, but not at the vibration amplitudes used in MFM or EFM systems. 

When sensing the repulsive forces, however, the tip cannot be vibrated at all, 

since the range of these forces is so small; therefore, for this mode of operation, 

the tip must be dragged over the sample, with the change in height being moni

tored. 

The AFM has numerous applications to the characterization of new materials 

and those which could not be imaged with STM or scanning electron microscopy, 

since both of these methods require a conductive sample. The AFM has already 
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been used to image biological samples20'25*27. It gives researchers new insights to 

those materials and should prove to be a crucial research tool in the future. 

Discussion of the Two Systems 

Currently, many of the improvements in SFM systems have occurred in the 

sensor arrangements. The tip and lever are a crucial part of the system, but less 

attention has been given them. This research was centered around two implemen

tations of the laser diode feedback method of optical detection. The feedback 

theory of operation has been refined to the form of external cavity feedback. The 

external cavity can be formed through various combinations of optical components. 

In a previous system, the optical path consisted of the air between the laser and 

the lever, about 2 to 3 mm". However, to increase the amount of reflected light, 

a lens can be used to focus the LD light onto the lever which will be reflected 

and refocussed back into the laser cavity. Going further, an optical fiber can be 

incorporated into this system to provide a form of remote sensing. This is the 

case for one of the systems described here, the fiber coupled system. The other 

case, called the tightly coupled system, is a new concept where the lever is placed 

very close to the front facet of the LD. This enables a large amount of the LD 

light to be reflected back into the cavity, thus forming a strong or tightly coupled 

cavity. 

The fiber coupled system consists of a laser diode, a gradient index (GRIN) 

lens to couple the laser output to an optical fiber, and the lever, placed in close 

proximity to the other end of the fiber. The output light of this fiber is reflected 

by the lever back into the fiber, where it travels back through the system to be 

refocussed into the laser. This forms a weakly coupled external cavity with a 
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relatively long propagation pathlength. The method has advantages in locating the 

laser package at a greater distance from the sample, thus eliminating excess heat 

and interference from impeding the operation of the sample. The remote sensing 

might also have advantages for harsh environments such as low temperature or 

ultra-high vacuum10 where the laser could be protected. The major disadvantage 

however, is lower sensitivity. This might not be critical to some applications, such 

as electric force microscopy. 

The tightly coupled system consists of an exposed laser structure with the 

lever positioned very closely to the front facet. The lever is typically close 

enough to the laser to reflect all of the light output, although only a part of this 

will reenter the laser cavity. The major advantage of this system is its high sen

sitivity. As will be shown, this system can detect a movement of the lever less 

o 
than 0.1 A. With this order of sensitivity, this method could be implemented into 

an AFM with much less complexity than currently possible using other systems. 

Both of these systems have some advantages over other optical detection 

schemes. Neither one has complicated optical or physical configurations compared 

to the heterodyne, homodyne, or deflection types of sensors. In addition, the elec

tronics involved for these two systems is much simpler than that for other meth

ods, as will be demonstrated. Finally, the cost of the components for these sys

tems is much less than that required for the other detection methods. Due to the 

nature of these coupled systems, no stray light will reach the sample where it 

might cause unwanted effects, thus reinforcing the nondestructive behavior of 

these types of instruments. 
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Organization 

The thesis is organized in the following way: Chapter 2 will present the 

theory of the magnetic and electric force interaction between the tip and the 

sample's fields, and the theory of the sensor interaction with the vibrating lever 

for both systems will be discussed. In Chapter 3, the different noises present in 

these types of systems and their relative magnitudes will be analyzed. Chapter 4 

will present the two systems and provide results of the minimum detectable vibra

tion amplitude of the lever, the visibility of the sensor, and some images of the 

electric force on a sample. Finally, Chapter 5 will summarize the comparison of 

the two systems and discuss some future developments and uses for these instru

ments. 
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CHAPTER 2 

THEORY 

Magnetic Forces 

The theory of the interaction between the magnetic tip and a magnetic 

domain on a sample is presented. The result takes the form of a force derivative 

as a function of the distance parallel to the sample domains and can be presented 

graphically in the same manner as experimental results. 

The force acting on a tip with a magnetic moment m^ due to the magnetic 

induction Bs from domains on a sample, is described by 

F - (mt.V) Bs. (2.1) 

Since the exact structure of the tip and its magnetization is not known, a perfect 

sphere is used as the idealized tip shape. Such a structure, when magnetized uni

formly, acts as a single dipole, whose interaction with a magnetic induction is easy 

to calculate. It is assumed that the tip is a hard ferromagnet and that it does not 

alter the magnetization state of the sample, and that the magnetization of the 

sample does not alter the state of the tip. 

In the following, the results for two sample domain geometries are calcu

lated. The sample domains are arranged in stripes with a periodicity of d. The 

geometry of the domain magnetization is shown in Figure 2.1a and 2.1b. In the 

first case, denoted polar, the magnetization is perpendicular to the surface of the 

film. In the second case, denoted longitudinal, the magnetization is parallel to the 

surface of the film. The polar direction, perpendicular to the sample surface, is 
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1 TIP 

SAMPLE 

a) Polar magnetization of sample. 

I TIP 

SAMPLE 

b) Longitudinal magnetization of sample. 

K e 

SAMPLE 

V' 

TIP 

c) Orientation of tip magnetization dipole. 

Figure 2.1 Tip and sample geometries for the magnetic interaction. 
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denoted as z, and the longitudinal direction, along the width of the stripe is den

oted as x. As shown in Figure 2.1c, the tip is allowed to be at various angles of 

magnetic orientation, 0, with reference to the polar direction. The force derivative 

for three common magnetic orientations will be calculated, 0° (tip vertical), 45°, 

and 90° (tip horizontal). 

The assumption that the tip acts as a single dipole allows the magnetic 

moment, mj, to be treated as a constant, so that the force will only act in the 

polar direction. Thus the force is calculated to be 

where and are the magnetization and volume of the tip, respectively, since 

the magnetization is defined as the magnetic moment per unit volume. The force 

derivative will then be given by 

F - MtVt VBS, (2.2) 

I/* -
(2.3) 

The magnetic induction for the polar case30 is given as 

oo 

Bs,x<x.z) D £MsX!82i!iTsin <2n+1)ir f(t*z) (2.4) 

n»0 

for the component in the x direction, where t is the thickness of the magnetic 

stripe and Ms is the magnetization of the sample. In the polar case, Ms • Ms z. 

The function, f(t,z) is given below. For the z direction, the magnetic induction is 
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given by 

oo 

Bs.zM " 5msI8H^ 
n=0 

(2n+l)^p- (2.5) 

From Eq. (2.3), the force derivative for the polar case is calculated to be 

OO 

£fz<x.z.9>- 0MsMtVt ]T(-I)"gl»l) (2.6) 

11=0 

where the following two functions are used 

f(t.z) 1-exp -(2n+I)^ exp -(2n+l)^ 
a 

(2.7) 

and 

g(0,x) = sin(0)sin (2n+l) 2ttx + cos(0)cos (2n+l) 2jtx (2.8) 

Figure 2.2 shows the force derivative for the three cases of tip magnetization 

o 
orientation. The solid line shows a lip to sample distance, z, of 500 A, and the 

0 0 
dashed line shows a z of 1000 A. The sample domain periodicity is 10,000 A 

and the film thickness is 5,000 A. A typical value for Ms of 105 amperes/meter 

is used30. Since the magnetization for the tip is not known, Mt is chosen to be 

equal to Ms. The choice of the magnetization values is not important in 
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Figure 2.2 Theoretical plot of force derivatives vs. x with a tip to sample dis

tance of 500 A (solid) and 1000 A (dashed) for the polar case. 
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determining the shapes in the figure since these shapes are linear in Ms and Mt. 

For x=0 and 0=0°, the tip is above the middle of a domain which is also pointing 

down like the tip. At x = ±0.25 /im, a domain boundary is seen through the 

sharp transitions of up to down. When 0=45°, the same pattern is observed except 

for the skewing of the signal to one side of the domain, which corresponds to the 

tip being slanted towards that side. And for 0=90°, the response is much more 

polarized for each edge of the domain. 

The magnetic induction for the longitudinal case9 is given as 

for the component in the x direction, where Ms - Ms>x in the longitudinal case, 

and £ and 7 are defined below. For the z direction, the magnetic induction is 

given by 

00 

(2.9) 

n=-oo 

OO 

(2.10) 

n—00 

The force derivative is therefore calculated to be 

00 

(2.11) 

n=-oo 

using the functions 
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h(fl.z) - ^ - 2 |sin(0) + ^ - 6 zcos(d). (2.12) 

i - (2.13) 

and 

72 = £2 + z2. (2.14) 

Figure 2.3 shows the force derivative for the three tip geometries where the 

same values for tip-sample distance, domain periodicity, film thickness, and mag

netization are used. For the longitudinal case, x=0 corresponds to the boundary 

between a domain from x>=0 to 0.5 (im which has a magnetization pointing nega

tively and a domain from x= -0.5 to 0 fim which has the opposite magnetization of 

pointing in the positive x direction. When the tip angle is oriented for 0=90°, the 

longitudinal case is easiest to understand since the tip is parallel to the domain 

orientation. Since the tip is assumed to point in the negative x direction for this 

angle, a large signal will be seen to the right of zero, and a negative signal will 

be seen when the tip-sample orientations are opposite. The graphs for the other 

tip orientations follow in a similar manner. 

Electric Forces 

The theory of the interaction of the tip with an electric force is now pre

sented. As with the magnetic force, the electric field on a sample will interact 

with the tip through the force derivative modifying the vibration frequency of the 

lever and thus changing its vibration amplitude. The approach taken is that of a 
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Figure 2.3 Theoretical plot of force derivatives vs. x with a tip to sample dis-
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charged capacitor. The capacitance between various structures of electrodes will 

be derived, and then the force derivative in the direction perpendicular to the 

sample will be calculated. In this derivation, the potential across the capacitor is 

at a fixed level either at a constant voltage from an external battery or a set 

oscillation from a signal generator. Therefore, the charge of the capacitor is dep

endent on the separation of the two electrodes, namely the tip and the sample. 

The energy W of a charged capacitor31 is given as 

W n - ' C V 2  ( 2 . 1 5 )  

where C is the capacitance and V is the potential. The force F in a direction 

perpendicular to the surface of the sample, z, is given by 

F " i v*- (2-16) 

By taking the derivative with respect to z, the force derivative F' is found to be 

y1. (2.i7) 

There are two geometries which will be discussed in this section where the sample 

is modelled as a flat conductive plate. The tip can be modelled by two types of 

shapes: a flat conductive plate parallel to the sample, or a spherical shape which 

more closely approximates the shape of a rounded tip. A schematic of these two 

geometries is shown in Figure 2.4. 

The first geometry is the frequently expounded parallel plate capacitor. The 
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TIP (plate) 

SAMPLE (plate) 

a) Parallel plates. 

TIP (sphere) 

SAMPLE (plate) 

b) Spherical-plate. 

Figure 2.4 Geometries for modelling the electric force interaction. 
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eA 
z 

(2.18) 

where A is the effective area of the capacitor and e is the dielectric constant of 

the medium filling the space between the plates, which is given by e = e0er where 

e0 = 8.85 x 10~1Z Farads/meter and er are the free space and relative dielectric 

constants, respectively. Incorporating Eq. 2.18 into Eq. 2.17, the force derivative 

is 

When the force derivative is found from the measurement of the amplitude of 

vibration, as will be shown later, the potential can be derived using 

The signal is highly dependent on the position of the tip above the sample, as is 

seen in the inverse cubic dependence of the force derivative on the height. 

The second geometry models the tip as a small sphere. If the radius of the 

sphere r is much smaller than the distance from the center of the sphere to the 

sample z, then the capacitance is given by the power series13'31 

cAV2 
(2.19) 

(2.20) 



C » 4?rer i + JL + (r/2z); 

2z I - (r/2z)2 
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(2.21) 

This capacitance can be separated into the self capacitance of the sphere 

C0 » 4ner (2.22) 

and the interactive capacitance to first order 

c, 2ner2 
(2.23) 

When this capacitance is put into Eq. 2.17, the force derivative is 

2rrer2V2 

' 
(2.24) 

which again shows an inverse cubic dependence of the force derivative on z. 

Rearranging Eq. 2.24 gives for the potential 

f'73 

<2-25) 

0 
As an example, assume a tip which has been sharpened to a 1000 A point 

0 
and is about 1000 A above the surface of the sample, when a potential of 1 Volt 

is impressed between these two. Using the parallel plate model, the force deriva

tive would be 9 x 10"s N/m; and using the spherical-plate model, the force deri

vative would be about 1 x 10~4 N/m. Typically, the system is limited by the 
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thermal vibration of the lever as will be seen in a later chapter. This limits the 

system to a sensitivity of about IO"5 N/m. Using the same conditions as above, 

the instrument could image potentials between the tip and sample as low as 340 

mV using the parallel plate method, or 270 mV using the more precise spherical-

plate method. Typically, several factors work favorably to give a better sensitiv

ity. When imaging integrated circuits, there is normally a dielectric passivating 

layer over the conductive strips which would tend to increase the sensitivity by a 

factor equal to the relative dielectric constant. Normally the voltages being probed 

are larger than one volt, usually being 5 V for digital circuits, which would factor 

in as the voltage squared when calculating the force derivative. Note that the 

values for the tip dimension and tip to sample distance are typical of what is now 

achievable. 

Sensor Interaction 

The two systems discussed in this thesis can be modelled in slightly different 

ways. In the fiber coupled system, the external cavity is weakly coupled and is 

better modelled as laser diode feedback. On the other hand, the tightly coupled 

system has stronger coupling and can be better modelled with traditional laser 

external cavity theory. The fiber coupled theory is based on [32] which is 

expanded to incorporate a vibrating lever29. The tightly coupled theory is based 

on [33] using a vibrating lever as the external reflector12. A schematic of the 

configurations of the two systems is shown in Figure 2.5. 

The fiber coupled system is based on optical feedback from a vibrating lever 

into the laser diode cavity29. With feedback, as with homodyne detection, the 

output signal of the detection electronics contains a first and second harmonic 
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b) Tightly coupled laser diode feedback. 

Figure 2.5 Configurations of the two sensor systems. 



31 

component. These components are used to provide the amplitude of vibration of 

the lever, which is related to the force being measured. The ratio of the first and 

second harmonic relative powers is used to find the amplitude of vibration. A 

feedback-dependent parameter, denoted C, controls the strength of the laser to 

lever interaction. This factor C is found from the optical path length difference 

between successive maximized first or second harmonics. 

The lever is located at a fixed distance from the laser, cr'/2, where c is the 

speed of light and r' is the average roundtrip time from the laser to the lever. 

The lever is vibrated at cr"/2 cos(flt), where cr"/2 is the amplitude of vibration 

and J2 is the vibration frequency of the lever. The total roundtrip time from the 

laser to lever, t, is given by 

t = r* + r"cos(£2t). (2.26) 

The feedback-dependent parameter, C, is thus given by 

<2-27> cos(0) 

where the angle <f> - -76° for the typical laser diode and is dependent on the ref

ractive index and density of carriers of the laser diode. The parameter y is def

ined to be 

7 - i* fc jbr] ri/2 
[2Ld.eff 

R,/2J (2.28) 
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where f is the field coupling efficiency, L^eff is the effective optical path length 

of the laser diode cavity, and R and r are the reflectivities of the laser diode mir

rors and that of the lever, respectively. Another constant used in defining the 

relative change in power, tj, where 17 s AP/P, is 

j, 2̂ L —^£th— /2 29) 
r0 J/Jth - r 

r0 is the loss inside the laser cavity and J and are the current and threshold 

current of the laser, respectively. 

To maximize the first harmonic signal, the lever must be moved to the posi

tion where the phase will be 

o)0t' = (n + 0.5)?r + (-l)nC cos0. (2.30) 

The relative power of the first harmonic is then 

U(Q) - K 
(-1)  n+1 

1 + (-l)nC sin<f> 
a)0r" cos(S2t). (2.31) 

For the second harmonic, the maximum signal occurs when the phase is adjusted 

to the value given by 

oo0t' - nw + (-l)m+1C sin0. (2.32) 

Then, the relative power of the second harmonic is 
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cos(2fit). (2.33) 

From the above equations, the parameter C can be found, and using C, the 

amplitude of vibration can be found. The parameter C is determined by measur

ing the optical path length difference between two successive first harmonic 

maxima, denoted AL(S2). By taking the difference between successive orders of n 

or m from Eqs. (2.30) and (2.32), the following are found to be 

4jr al(s21 • jr ± 2c cos0 (2.34) 

and 

An AL:CT - jr ± 2C sin0. 
ao 

(2.35) 

Solving for C, these equations become 

urralifi) 

2cos0 
(2.36) 

and 

? J I ±  4 n A U 2 S l )  

2sin0 
(2.37) 
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An alternative method of experimentally determining C is to find the magnitude of 

adjacent first harmonic signals, take the ratio of the weak signal to the strong 

signal as A, so that C can be found as 

1 - A 
1 + A' 

(2.38) 

Now that the value for C is known, typically less than one, the amplitude of 

vibration 81 can be found through the following relation 

Si 
xqcjqt" 

4jt 
(2.39) 

By taking the ratio of the relative power of the second harmonic (Eq. 2.33) to that 

of the first harmonic (Eq. 2.31), one obtains the amplitude of vibration as 

p. Ml i C cos#"!2 

" it 1 ± C sin0 
w(2fl) (2.40) 

for m = n where the upper (lower) sign refers to even (odd) values of m, and 

Sf „ X° T1 ± C cos#!2 

n 1 + C sin$ 
aeml 

l vm j 
(2.41) 

for m - n + 1 where the upper (lower) sign refers to even (odd) values of m. 

Thus by measuring the relative amplitudes of the first and second harmonics when 

each is adjusted for maximum value, the actual amplitude of vibration can be det

ermined. 
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The tightly coupled system is based on a laser diode being strongly coupled 

to an external reflector in a short cavity12. It is assumed that the external cavity 

length, i, is much smaller than the laser cavity, L. Instead of using a feedback 

theory, the external mirror or reflector can be modelled as part of the front facet 

of the laser since they are so close. This method calls for incorporating the exter

nal mirror reflectivity into that of the front facet of the laser and then applying 

the laser rate equations. From this, the threshold current of the laser is modified 

by the external mirror's reflectivity, and thus the output power is subsequently 

changed. Although a perfect mirror is assumed for the external reflector, a vib

rating lever will merely couple less light back into the cavity, thus effectively 

having a lower reflectivity. The configuration for this model is shown in Figure 

2.5b. 

Let the external mirror be placed at an average distance !„ from the front 

facet, and let it vibrate with an amplitude 61 and frequency £2, so that the time 

varying distance similar to that defined in Eq. 2.26 is 

i = i0+ 5i sin(2jrJ2t). (2.42) 

The laser cavity is represented by the complex reflectivities of its back and front 

facet mirrors, and p2, respectively, separated by a laser cavity length of L. The 

external mirror is placed at a distance I from the front mirror (where l«L) with 

a complex reflectivity of pm. In this model, multiple reflections can occur from 

the front facet and external mirror, so that their combination yields an effective 

reflectivity pe described by 



oo 
1 — r v ' 

Pq m Pz j~ / cn [~PzPm exp(4ffif/X)]n - jR^exp(i0e), 

n»l 
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(2.43) 

where R2 - |Pa|2- Each n*h reflection for p2 has a coupling factor, Cn. A 

stronger coupled external mirror has more iterations of n than a weakly coupled 

mirror where n = 1. The effective phase change upon reflection is 0e with a 

corresponding reflectivity Re •= |pe|2- Using laser rate equations, the threshold 

current of the laser, J^, is found to be 

where q is the unit charge, d is the thickness of the active layer, a is the stimu

lated emission cross section for the laser transition, tc is the lifetime of the in

jected free carriers, rj' is the quantum efficiency, and fj is the internal loss term. 

So the threshold current is modulated by the vibrating mirror through the reflec

tivity, Re. Consequently, the output power of the laser will be modulated through 

the threshold current. 

where the drive current is J and the junction area is the cavity length times the 

junction width, L x W. As the external mirror moves, the change in the effective 

reflectivity of the front facet and lever will change the output power. 

According to the theory of [33], strong coupling (n <£ 10) tends to increase 

the slope of the transition between maxima and minima due to the presence of 

(2.44) 

P0 = ij'LW(J - Jth) (2.45) 
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higher harmonics, so that the reflectivity has a sharper dip like the output of a 

Fabry-Perot interferometer with moderate finesse. The actual systems used by 

[33] and this system were found to be less strongly coupled, n £ 1, so that the 

reflectivity is more sinusoidal with mirror displacement. Thus the current of a 

photodiode monitoring the output power from the back facet can be approximated 

by 

i = i0[l + a sin(4jrf/X)]. (2.46) 

where i0 is an average current and a is the visibility defined by 

a - !max " 'min (2 4?) 

'max + 'min 

From this equation, it is seen that the laser output varies sinusoidally with a X/2 

periodicity of the movement of the external mirror. The visibility depends on the 

shape and distance of the external mirror from the front facet of the laser. With 

the high visibility obtained in this system, good modulation of the output power is 

found, and thus the sensitivity is increased. With the system described in this 

thesis, the lever would be located at a position where the reflectivity is on the 

steep side of the sinusoidal response over a range of X/4 so that small movements 

of this position due to the vibration of the lever will produce a large variation in 

the output power signal. Using the sensor configuration of [33], displacements 

o 
have been measured as little as 0.003 A. 

The amplitude of vibration must be related to the force derivative to com
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plete the transfer of information gathered by the tip to the sensor. This is easily 

accomplished with the following theory of the resonance of the vibrating lever34. 

Without interaction with the tip, the amplitude of vibration has the following 

form: 

Sf0 (S20/ft) 
6! = 0 0 (2.48) 

j1 + q2(q/q0 - qo/q)2 

where 510 and J20 are the amplitude of vibration and the frequency at resonance, 

respectively; S2 is the actual driving frequency which is slightly larger or smaller 

than the resonance frequency, and Q is the quality factor of the lever system. 

The presence of a force derivative F' acts to change the resonance frequency so 

that an amplitude change A! occurs in the form of34 

2QF'Si0 

A ' "  TTSiT , 2 ' 4 9 1  

where k is the spring constant of the lever. Through this equation, the actual 

force derivative can be calculated from 

f' " tt ft <2-50' 

When operating one of these systems, the amplitude of vibration can be calculated 

at the on-resonance frequency to obtain 5f0, so that the change in amplitude found 

when scanning over a sample can be converted to the actual force derivative. 

This value can then be compared to those found in the magnetic and electric force 
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theories, for example, the magnetic force derivative in Eq. 2.6 or Eq. 2.11, or the 

electric force derivative in Eq. 2.19 or Eq. 2.24. 



CHAPTER 3 

SYSTEM NOISE 
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Aside from any noises external to the system, there are several fundamental 

noises which should be taken into account. Two of these noises originate from 

the laser itself due to normal operation or through the use of feedback. Two 

other types of noise are generated by the photodiode which detects the output of 

the laser. And one other important noise is a mechanical property of the lever 

itself due to its finite temperature. The first two noises to be discussed are the 

laser diode phase noise due to the use of the laser as an interferometer and the 

laser diode intensity noise which is always present in the laser. The detector can 

contribute shot noise and thermal or Johnson noise. And the final noise covered 

is that of the lever ihermal vibration. 

Laser Diode Noise 

The laser diode phase noise arises from interferometric FM to AM conver

sion noise. This is due to an optical output beam being split and recombined 

after a delay time which is detected by an optical square-law detector. This is 

the case in the two systems being discussed where the two beams include one 

inside the laser and one which propagates out of the laser and reflects off of the 

lever. The optical square-law detector is simply the laser diode itself, so that the 

FM quantum noise in the laser light will be converted into an intensity fluctua

tion. The relative intensity noise, RIN, is given by35 
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RIN " 2[4,tPD+ D2] ' 1 " *"l> (C0SMT + Sfsin2"fl] 

—_ e-Dr |Cos2rrfT - —psin2nfrX jj- cos(2w0r) } (3.1) 

where D is the laser spectral width, f is the detection frequency, t is the time 

delay, and u0 is the angular frequency of the light. This equation can be reduced 

using certain assumptions. The first assumption is that faf2 « D2. Using values 

of the laser spectral width equivalent to A\ - 1 nm36 (D 3£ 300 x 109 Hz), it is 

obvious that any measurement frequency, even up to 1 GHz, will satisfy this 

assumption. The second assumption is that the cosine and sine arguments are 

very small, so 2rrfr « I. With a r - i/c • 10 /im 3xl08 m/s » 33 x 10~15 sec, 

again the measurement frequency would have to be much larger than 1 GHz. 

The final assumption is that Dr « 1, which is shown using the above values as 

Dr = 0.01. Using the above assumptions, which appear to be reasonable, the RIN 

can be reduced for two cases: cos(2o)0t) = 0, which corresponds to destructive in

terference, and cos(2co0t) = I, which corresponds to constructive interference. For 

destructive interference, 

RIN - cos(2co0t) - 0 (3.2) 

and for constructive interference. 

RIN - ^ cos(2w0t) - 1 (3.3) 

The constructive interference occurs when the angle 2o)0r equals a multiple of 2ir, 
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and the distance for constructive interference is therefore I - m X/2, where m =• 1, 

2, 3, etc. When the external reflector is at this distance, the roundtrip will bring 

the light in at a multiple of X which will be in phase, resulting in constructive in

terference. When the above RINs are converted to an rms noise current, it is 

found that 

t)P0BDT2 

6i! » —^ cos(2c*v) - 0 (3.4) 

nP0BDV 
6it - g cos(2w0r) -1 (3.5) 

where ij is the detector quantum efficiency in mA/mW, P0 is the output power, 

and B is the bandwidth. It is seen from the above that the noise current for con

structive interference is smaller than that for destructive interference since Dr « 

1. 

The laser diode intensity noise is defined by" 

5i2 - tjPqB1/2 1O-0/20 (3.6) 

where 0 is the laser intensity noise given in dB, as given by the laser diode man

ufacturer. 

Detector Noise 

There are two common noises associated with the photodetector, namely the 

shot noise and the Johnson noise given by 



6i3 = (2q7jP0B)1/2 
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(3.7) 

where q is the electronic charge; and 

5i« = (4KBTB/R)'/Z. (3.8) 

Here, K3 is Boltzmann's constant, T is the absolute temperature in °K, and R is 

the load resistor across the detector, respectively. 

Lever Thermal Vibration Noise 

The lever has a fundamental noise due to thermal vibration which is given 

byls.34 

where a is the visibility, X is the light wavelength, and f, k, and Q are the vibra

tion frequency, spring constant, and resonance quality factor for the lever, respec

tively. 

Comparison of Noise Levels 

The noises can be summed to produce an ultimate phase sensitivity of 

n1/2 

4jitjq!p0 2kgtbq 
oi5 0 * !~rt" (3.9) 

(3.10) 
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where i0 is the dc average current from the photodetector. To better understand 

the relationship between these noises, an example using typical system parameters 

will be shown. This example applies to the tightly coupled system. The lever 

being used in this case is a nickel wire with a total length of 2.5 mm. The first 

1.75 mm is unetched and has a diameter of 12.5 /im; the last 0.75 mm is bent at 

a right angle and is etched to a sharp point, but an average diameter of 5.0 /im is 

assumed. This lever will have a resonance frequency of 2.4 kHz and spring con

stant of 0.14 N/m. The following list shows the values used in the calculations of 

the noise currents: 

tj - 0.2 mA/mW T - 300°K 

P„ = 3 mW R - 10 kS2 

B • 1 Hz a - 0.9 

D - 310 GHz X = 780 nm 

r = 0.033 psec Q - 100 

0 o 85 dB 

Using these values, the following rms noise currents are found: 

Six - 50.6 x 10"ai A for cos(2wQr) - 0 

Si, = 0.345 x 10~21 A for cos(2w0t) = 1 

fii2 - 33.7 x 10~9 A 

Si, - 13.9 x 10-12 A 

5i4 - 1.3 x 10-12 A 

6i5 - 244 x 10"9 A 

It is clear from this example that the lever thermal vibration noise which can be 

O 
converted to a minimum detectable vibration amplitude of 0.3 A, will dominate. 

Since the lever thermal vibration noise dominates, a noise equivalent force 
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derivative (NEFD) can be found, and from it the minimum detectable vibration 

amplitude (MDVA) can be calculated. In Eq. 3.9, the vibration amplitude due to 

the thermal vibration noise, Sij^, which is also the MDVA, is34 

«N 
2KBTBQ 

rrfk 

i/z 

(3.11) 

When this noise equation is set equal to Eq. 2.49, the vibration amplitude change 

due to a force derivative, and solved for F\ the NEFD becomes34 

NEFD -
6fn 

27KBTB 
2ttQ 

V/2 f • (3.12) 

The MDVA can then be found in terms of the force derivative by converting the 

NEFD in terms of fiijvj to obtain 

MDVA 
2 q 

3y/3 k 
NEFD (3.13) 

where Sf„ is the vibration amplitude at resonance, Q is the quality factor, and k is 

the spring constant. This equation is important in finding the force derivative 

when a minimum detectable vibration amplitude is measured. 
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CHAPTER 4 

SYSTEM PERFORMANCE 

Description 

This chapter describes the fiber coupled and the tightly coupled systems in 

more detail and presents experimental results. The construction and operation of 

the two systems will be discussed and measurements of the noise and sensitivity 

will be given. The chapter will conclude with images of electric forces obtained 

by these instruments. Throughout this discussion, a comparison between the fiber 

coupled and the tightly coupled systems will be made for these same factors. 

Scanning force microscopes can be divided into several components: the tip 

and lever, the sensor, the scanning mechanism of the sample or tip, and data col

lection and image processing. The tip and lever are used to detect the force being 

sensed by deflection and the sensor converts the deflection into an electrical signal. 

The sample must be scanned relative to the force-detecting tip over an area appro

priate to the sample and force under consideration. Finally, the signal from the 

sensor must be combined with the scanning to produce data which can be pro

cessed into a visual form such as an image. Schematics of the fiber coupled 

system and the tightly coupled system are shown in Figures 4.1 and 4.2, respec

tively. 

The tip and lever combination is common to both systems. The etched tip, 

whether for magnetic or electric force interactions, is soldered to a bimorph which 

will bend when a voltage is applied between the top and bottom electrodes. Thus, 

a dc voltage applied to the bimorph can position the lever for a maximum or min

imum signal, or a first or second harmonic. An ac voltage is also applied to the 
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Figure 4.1 Schematic of the fiber coupled system, where LD, GR, FO, TL, BM, 
S, and XY stand for the laser diode and photodiode package, GRIN lens, optical 
fiber, tip/lever, bimorph, sample, and x-y scanning stages, respectively. 



Figure 4.2 Schematic of the tightly coupled system, where LD, TL. BM, S, and 
XY stand for the laser diode and photodiode package, tip/lever, bimorph, sample, 
and x-y scanning stages, respectively. 
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bimorph in order to vibrate the tip at the steepest slope of the lever resonance 

curve. The displacement of the lever due to the bimorph depends on its length 

and on the applied voltage. The voltage range needed to move the tip a certain 

distance can be calibrated using an interferometric technique or can be calculated 

from the following formulae. The free deflection at the end of a cantilever bend

ing motor is given by38 

3d31L2V 
Ax - 'tp (4.1) 

where L and T. are the length and thickness of the bimorph, V is the applied 

voltage, and d3, is the piezoelectric strain coefficient. To get a displacement 

response in terms of the applied voltage, the following formula can be used 

f - TF L!- <«> 

For the bimorph used in these systems, the thickness is 0.51 mm, d3( is 180 x 

0 
10~12, so that the response is calculated to be about 1000 A/Volt for a 9.5 mm 

long bimorph. 

The alignment of the lever relative to the fiber end or the front facet of the 

laser is a fairly simple task. In either case, the light source has a diverging pat

tern of light output, related to the numerical aperture of the fiber or the junction 

area of the laser diode. When the lever is brought close to the light source, one 

can observe a shadow and diffraction pattern of the lever projected on a screen 

close to the structure. By moving the lever or light source with respect to each 

other, the shadow can be positioned in the middle of the light spot. By moving 
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the lever closer to the source, the shadow becomes larger until all light is blocked. 

Closer alignment of the lever to the source must be carried out under a micro

scope. However, in both systems, the light output is always completely blocked by 

the lever so that none of it will be reflected from the sample. 

The levers are made from thin thermocouple wire with a typical diameter of 

25 Jim. and are etched to a fine tip at the end. For magnetic force interaction an 

iron or nickel lever is used, while for electric force interaction a copper lever is 

used. The lever length is typically 3 mm, with the last 1 mm bent by 90°, and 

0 
the tip part is etched to less than 1000 A diameter. The nickel tips are typically 

smoother than the iron tips. For the tightly coupled system, shorter nickel levers 

with a smaller base diameter of 12.5 fim. are being used. 

The main difference between the fiber coupled and the tightly coupled sys

tems is the sensor part of the SFM. Both systems use a low noise, low power 

laser diode (Sharp Electronics Corporation Model No. LT022MDO) as the light 

source. These lasers have a typical output power of 3 mW, threshold current of 

50 mA, and a wavelength of 780 nm. Both systems use the photodiode which is 

integrated into the laser package to provide the electrical conversion for the optical 

sensor. 

For the fiber coupled system, the laser-lens-fiber end is mounted on a separ

ate platform. The laser diode is held in an x-y-z translation stage to allow its 

adjustment to the proper position and spacing from the 0.25 pitch GRIN lens. 

The diverging output of the laser is collimated and focussed by the GRIN lens 

onto the fiber core. The GRIN lens and fiber are held in a special stage 

(Newport Corporation's Model F-925) for optimal alignment of the focus onto the 

fiber core. A single mode fiber of approximately 60 cm length is used (Corning 



51 

Glass Works Model SMF-28). This fiber has a cut-off wavelength of about 1260 

nm and a core mode diameter of about 9.5 /xm. Since 780 nm light is used, sev

eral modes can propagate down the fiber. The modes can be clearly seen pro

jected on a screen at the output of the fiber. It was found that optimal operation 

occurs when the LPM mode dominates, so that the double sided lobe is aligned 

parallel to the lever. The photodiode for this system has a reverse bias voltage 

applied to it so that it operates in the photoconductive mode, and the electrical 

signal is ac coupled. 

In the tightly coupled system, the laser and bimorph/lever are integrated into 

one component since the lever must be within 10 fim of the front laser facet. 

Normally the laser diode is contained within a metal housing around it with a 

glass window at its output. However, the window is about 1 mm away from the 

laser and therefore the metal case and window must be removed. This is accom

plished in a "decapping" procedure performed by Burr-Brown Corporation where 

the laser package is turned and the metal cap is cut off. This exposes the laser 

to the environment, whereas it is normally within a dry nitrogen atmosphere; 

however no adverse effects have been noticed to date. With the metal case sur

rounding the laser structure removed, the laser can be positioned in a small alumi

num holder. The bimorph holding the tip is also positioned above the laser on the 

other side of the holder. After aligning the lever in front of the laser output at 

the proper distance as described before, the laser and bimorph are epoxied into 

place and allowed to set. After setting, the stages holding the laser and bimorph 

are removed yielding a monolithic device. The device can be placed inside the 

instrument's structure as a complete sensor/tip unit. For this system, the photodi

ode which converts the signal is run without a voltage bias in the photovoltaic 
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mode. In this case, a current preamplifier is used before the signal goes to the 

data collection stage. 

The scanning is the next stage of the SFM. The fiber coupled system is 

predominantly used for imaging electric forces which does not require the same 

resolution as that of the magnetic force microscope. In order to image integrated 

circuits which are millimeters in size, the scanning is performed by dc pulsed 

motors (encoder mikes. Oriel Corporation). These motors have a resolution of 0.1 

/zm which is sufficient for most applications of electric force microscopy. The 

two motors which are controlled by a computer are used to provide the x and y 

scanning. In the tightly coupled system which is mainly used for magnetic force 

imaging, the resolution is more important, requiring piezomike translators. These 

are combination piezoelectric and mechanical translators (P-253 with positioner M-

311, Physik Instrumente). They have a resolution better than 3 nm which is suf

ficient for any magnetic force application. The piezomikes are driven by high 

voltage amplifiers which are in turn driven by slow triangle wave signal genera

tors at the necessary speed for the x and y scans. 

The final part of the SFM is the data processing and display. The sensor 

part of the system provides an electrical signal from the photodiode. To sense the 

small levels of signal present, a lock-in amplifier with its reference from the 

signal driving the bimorph is used. The lock-in amplifier is a phase-sensitive det

ector which provides better sensitivity and is typically used in homodyne and het

erodyne detection methods. The output of the Iock-in is directly proportional to 

the vibration amplitude of the lever. Thus, when the vibration amplitude changes 

due to a force derivative, the output of the lock-in will change proportionally. 

For the tightly coupled system, the photodiode signal is typically large enough for 
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viewing on an oscilloscope; however, the signal must still be converted to a mag

nitude. 

For the fiber coupled system, the data collection and processing is all done 

on a computer. The signal from the lock-in is analog-to-digital converted and col

lected by the same computer controlling the scanning. In this manner, a matrix of 

the sample position and the corresponding signal strength is produced. This can 

be further manipulated to reduce noise and smooth the picture before its display 

as a three dimensional picture by resident software. This image can be further 

processed, rotated and labeled before it is printed by a laser printer, which makes 

for a convenient method of documentation. A major drawback of the current 

system, though, is that real-time images of the sample are not possible. Before 

viewing an image, the instrument must scan the sample and collect the data, and 

then another computer must further process this data into an image which can be 

viewed on a monitor. This can be inconvenient when first attempting to obtain 

good images or locate an area of interest on the sample. For final documentation 

purposes, this system is adequate. 

The tightly coupled system also uses a lock-in amplifier even though the sig

nals are of sufficient magnitude. This signal, denoted z, is then added to the y 

scan drive signal through custom electronics. On a storage oscilloscope operated in 

x-y mode, the y+z signal is plotted with the x scan drive signal to generate an 

image which resembles a 3-D line drawing. This method is usually sufficient to 

produce good images as long as the sample's features are aligned properly along 

the x direction. In this system, a full image can be produced in about 30 seconds 

with each line being plotted in real time. This feature is convenient for trials 

during which the sample is being aligned. For superior images, the scanning can 
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be slowed to give more detail and thus more resolution, so that an image takes 

several minutes to make. For documentation, a polaroid picture can be taken of 

the oscilloscope's screen. 

Both instruments were constructed almost entirely in-house out of readily 

available materials. There are a few other considerations for building a SFM 

which must be taken into account. The laser must have proper heat sinking for 

long operation. A heat sink compound must be placed between the laser and its 

holder, typically made out of aluminum, to provide good heat conduction. A very 

basic requirement for all SFMs is good vibration isolation. Since the tip is 

o 
scanned very close to the surface of the sample, typically about 500 A for the 

magnetic and electric forces, any vibrational noise coupled into the structure hold

ing the tip relative to the sample will cause unwanted noise or loss of operation. 

The best method for vibration isolation is to hang a large mass such as a metal 

plate from elastic springs. The springs should be stretched almost to the point 

where there is no more extension. The instrument is then placed on the plate 

which is free to move up and down, eliminating vibration noise coupled from the 

building. The manner in which the tip structure is held in place relative to the 

sample platform must be considered for rigidity and length of the path. The tip 

must be held rigidly in place with respect to the sample to reduce vibration cou

pling, while still allowing enough movement to coarsely and finely adjust the tip 

to sample spacing. To accomplish this, the tip-lever-bimorph and the sensor head 

are attached to an arm which is free to move vertically, but is fairly heavy. The 

arm can be moved in the z direction by a vertically mounted piezomike resting on 

a ball bearing; therefore, the arm can be moved manually for coarse positioning or 

electrically for fine positioning. With a combination of the suspension by springs 
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and a rigid construction, most of the building vibration can be eliminated. By 

enclosing the instrument, acoustic and air current noise can also be greatly 

reduced, thus preventing the tip from being inadvertently vibrated. 

A typical operating procedure will be briefly described now. After a new 

tip is properly aligned in the system, its vibration frequency is found by scanning 

the frequency of the signal generator driving the bimorph while observing the 

lock-in set for high sensitivity. As the resonance frequency is approached, the 

amplitude will rise. The frequency and amplitude of the drive signal must then 

be adjusted, along with the phase of the lock-in and the dc position of the lever, 

for maximum signal. When an adequate signal is found, the lever/sensor part, 

frequently called the "head," is manually lowered toward the sample. When the 

tip is close to the surface of the sample, a z piezomike is engaged for finer posi

tioning. If the tip touches the surface, called a "crash," the lock-in signal will 

disappear, but typically the tip will remain undamaged upon its retraction. The 

sample is now scanned while the lock-in signal is monitored for a change signify

ing the presence of a force derivative. If no change is observed, the tip can be 

moved closer or the sample can be moved to a different position where some fea

tures might be present. When an acceptable change in the lock-in signal is found, 

the sample is scanned; the data is collected and processed, and the feature is doc

umented. 

Comparison of the Minimum Detectable Vibration Amplitude 

Turning now to some experimental data, a comparison of the sensitivity is 

made between the two systems. The best sensitivity measurement for SFMs is the 

minimum detectable force derivative. However, this would be difficult to measure 
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in a way which could be directly comparable with different systems and applica

tions. A more general sensitivity measurement would be the minimum detectable 

vibration amplitude, abbreviated MDVA. This quantity can be directly related to 

the measurement of the force derivative by Eq. 3.13. The MDVA is actually a 

measurement of the signal when equal noise is present; it applies therefore to the 

case when the signal-to-noise ratio is equal to one. As seen in Chapter 3, the 

MDVA should ideally be equivalent to the highest noise term, typically found to 

be the lever thermal vibration. 

To actually measure the MDVA, the system must first be optimized. To 

eliminate the need to know the exact lever characteristics, the lever is typically 

vibrated at a non-resonant frequency. For most levers used, a value of 500 Hz is 

chosen to be standard since few levers will have that frequency as a resonance. 

The amplitude of the bimorph driving signal is then simply reduced while the 

lock-in output is monitored. The value of the MDVA is obtained when the driv

ing signal is so low that the lock-in output no longer clearly show a signal pre

sent. The voltage of the driving signal is then converted to distance, which will 

o 
be the MDVA. Typically the bimorph responds as 1000 A per volt and a 1 mV 

0 
drive amplitude will translate to 1 A vibration amplitude. 

For the fiber coupled system, a 25 jt/m diameter copper lever with lever 

length 3.7 mm and tip length 2 mm has an approximate resonance frequency of 

750 Hz, a spring constant of 0.15 N/m, and a thermally induced amplitude of 0.5 

A. When the system is optimized with this lever vibrating at 500 Hz, the best 

o 
MDVA is about 2.5 A, obviously more than the MDVA predicted. Therefore, 

other noise factors must dominate. 

For the tightly coupled system, a flat triangular nickel grid is used, with a 
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resonance frequency of 5 kHz, spring constant of 4.7 N/m, and thermally induced 

o 
amplitude of 0.03 A. Since the lever has a higher spring constant than practical 

for a magnetic or electric force instrument, its thermally induced amplitude will be 

lower which is a better standard value for this instrument. This type of lever 

would be very practical for an atomic force microscope, though. With an optim-

0 
ized system, the MDVA was found experimentally to be about 0.03 A. This 

tends to confirm that the tightly coupled system is superior since it has a sensitiv

ity equivalent to the thermal noise of the lever. To demonstrate the ability of this 

o 
system to achieve a good sensitivity, a 1 A vibration is shown in Figure 4.3. 

Using the same nickel triangular grid was used. To display the vibration ampli

tude on the storage oscilloscope, the lever was vibrated at a very low frequency 

and amplitude modulated to convert the lock-in output to a displayable sinusoidal 

signal. 

Comparison of Visibility 

The visibility is another parameter which can be used to compare the sensi

tivity of the two systems. The visibility is important because of its connection 

with the magnitude of the signal level. As seen in Eq. 2.46, the visibility is 

directly proportional to the amount of signal level, i.e. the larger the visibility, the 

larger the signal. This is more evident when the equation for the visibility is alt

ered to 
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0 
Figure 4.3 Representation of a 1 A vibration amplitude created on a storage 
oscilloscope by slowly modulating the drive signal so that the output of the lock-in 
amplifier would in turn be modulated. Very little noise at this small vibration 
amplitude was noticed. 

p 0 

P Pmax 

Figure 4.4 Output of photodiode when a 12.5 11m diameter nickel lever was 
moved through several periods of constructive and destructive interference and 
back again. The slight increase in signal corresponds to the lever being moved 
closer to the laser. The ratio of the difference between the maximum and mini
mum outputs to their sum is the visibility. here approximately one. 
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•max ~ 'min 

a 
'max + 'min 

(4.1) 

showing that the visibility is the ratio of the average value of the ac signal to the 

average dc signal. The larger the ac signal compared to the dc signal, the better 

the visibility will become. 

For the fiber coupled system, the average ac signal was about 30 fiV while 

the average dc signal was about 0.58 volts. This gives a very low visibility of 

about 0.005 percent. On the other hand, the tightly coupled system typically 

attains a visibility of 90 percent. This is primarily due to the positioning of the 

lever close to the laser. The constructive and destructive interference pattern of 

the a 12.5 fim diameter nickel lever is shown in Figure 4.4, indicating that the 

visibility shown here is practically one. The visibility was displayed on the sto

rage oscilloscope by placing a large voltage, slowly varying sine wave on the bim-

orph; this slowly moves the lever closer to and further from the laser. The slight 

increase of the signal and hence the visibility is due to the lever coming closer to 

the laser; and likewise, the decrease corresponds to the lever moving away from 

the laser. 

An interesting note is that if the system is only limited by the lever thermal 

noise and the visibility is high, then the minimum detectable vibration amplitude 

does not depend on the visibility. This is shown by noticing the dependence of 

the signal on a in Eq. 2.46 and the same dependence on a by the noise in Eq. 3. 

(lever thermal noise). Thus the signal-to-noise ratio cancels out of, leaving no dep

endence on the visibility. However this is true only if the visibility is high. 
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Operational Results 

The last experimental results are those of actual images made by these sys

tems. An image of an electric force, as shown in Figure 4.5, was produced by 

the fiber coupled system of a large metal electrode on a glass slide. The electrode 

was approximately 300 /zm wide and only a narrow slice of it is imaged. A 

fairly blunt copper tip was used to make this image, but the resolution is still on 

the order of a few microns. This resolution may be sufficient for some applica

tions where the fields from about 10 pm wide interconnects within an integrated 

circuit must be imaged. 

Images produced by the tightly coupled system of an 8 pm wide electrode 

are shown in Figure 4.6. The sample consisted of interdigitated electrodes which 

were 8 fim wide with a 20 fim period. The images have a 13 /im scanning size 

so that each division on the oscilloscope is 2 fim wide. Figure 4.6a shows the 

force derivative along the edge of an electrode. From the steepness of the edge, it 

is seen that the resolution is better than 1 /im. Figure 4.6b shows both sides of 

the electrode, so that a width of about 7.8 fim is found, which agrees with that 

measured using an optical microscope. 



Figure 4.5 Image of the electric force from a 300 fim wide electrode using the 
fiber coupled system. The z axis is in arbitrary units and the scan size is 500 
/im by 10 fim, showing just a slice of the electrode. 
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a) The force derivative along one edge of the electrode shows, from the steepness 
of the edge, that the resolution is better than 1 Jlm. 

b) The force derivative across an entire electrode shows that the width is about 
7.8 Jlm, which agrees with the measurement by an optical microscope. 

Figure 4.6 Images of electric force from an 8 Jlm wide electrode using the tightly 
coupled system. The sample consists of interdigitated electrodes which are 8 f.lm 
wide with a 20 Jlm period. The scan size is 13 Jlm by 13 Jlm, where each divi
sion is 2 Jlm. 



CHAPTER 5 

CONCLUSION 
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Summary of Results and Comparisons 

A detailed theory of the operation of scanning force microscopy has been 

presented. Various SFM systems have been discussed and some of their typical 

applications given. The theory of magnetic and electric force interactions with the 

tip has been presented, and it was shown how this interaction can be detected and 

used to generate a mapping of those forces across a sample. Sensitivity limitations 

of the systems have been shown by discussing the noises present. From which it 

was found that thermal vibration of the lever creates the highest noise level which 

would limit the system sensitivity. The construction and operation of the fiber 

coupled and the tightly coupled systems which have recently been implemented 

were discussed. 

Two types of measurements have been used to experimentally compare these 

systems: the minimum detectable vibration amplitude and the visibility. The 

tightly coupled system produced higher signal levels and lower noise levels for a 

higher signal-to-noise ratio than that of the fiber coupled system. This was evi

denced in the measurement of a lower minimum detectable vibration amplitude for 

the tightly coupled system. The visibility, an important parameter in determining 

the signal level, was orders of magnitude larger for the tightly coupled system 

than that of the fiber coupled system. From these measurements, it was clear that 

the tightly coupled system is superior in signal-to-noise ratio and sensitivity to 

forces. The sensitivity of the tightly coupled system was high enough so that it 

would be used as an atomic force microscope when the proper tip structure was 
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employed. 

There is still a role for the fiber coupled system, however, in harsh environ

ments where an exposed laser diode could not operate. The tightly coupled 

system is also more delicate and more difficult in initial alignment since the struc

tures are so small. However, the minuteness of the system lends itself well to the 

fabrication of a monolithic structure. The entire system can be made in one unit 

which is easier to replace than to realign. Once the initial construction and align

ment of this monolithic structure is accomplished, there is little system refinement 

or "tweaking" which must be done before or during operation. 

Future Developments and Applications 

The field of scanning force microscopy is rapidly expanding as new types of 

instruments and new applications are discovered. It has become obvious from the 

research in this thesis that a new and potentially powerful method of scanning 

force microscopy has been invented through the development of the tightly coupled 

system. This system is presently being modified to operate as a magnetic or elec

tric force microscope. The only difference between these two is the material for 

the tip. A magnetic tip is required for the MFM and any conductive tip can be 

used for the EFM. The MFM can be used in imaging the magnetic fields of mag

neto-optic and magnetic films and magnetic thin film heads. The EFM has broad 

applications to electric field mappings of integrated circuits, transistors and 

memory devices, as well as depositing and imaging small amounts of charge on a 

dielectric14. A related instrument, the scanning capacitance microscope, can mea

sure minute amounts of capacitance of small structures39. Another related instru

ment, the scanning thermal profiler, is used in characterizing material properties of 
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tiny thermal variations40. 

The atomic force microscope has the most exciting future. Its atomic resolu

tion applied to nonconductive samples opens up an almost limitless horizon of 

applications in chemistry and biology. Its ability to operate under a liquid pre

sents a hitherto unexplored region of research for microbiology. The tightly cou

pled system can be easily modified into an AFM through the use of a proper tip 

and lever and adequate resolution scanning. The typical lever consists of a fairly 

stiff lever such as the nickel triangular grid used in the measurement of the mini

mum detectable vibration amplitude experiment, with a diamond chip attached to 

its apex serving as the tip. This lever can then be rested on a "trapeze" structure 

to allow free vertical movement, and then the tip is dragged over the sample to 

sense the Van der Waals attractive forces. The movement of the lever is then 

proportional to the distance of the tip above the atomic surface of the sample. 

o 
The movement is detected by the tightly coupled system with < 0.5 A height reso

lution. It may even be possible to modify a commercial STM system for the scan

ning requirements of the AFM system. 

The scanning force microscope has been developed to a point where it is 

beginning to emerge from the laboratory into the world of research and applica

tions. There should be little doubt that the SFM will have a major impact on 

several fields of study within the coming years. 



66 

REFERENCES 

1. G. Binnig, C. F. Quate, and Ch. Gerber: "Atomic force microscope," Phys. 
Rev. Lett. 56. 930 (1986). 

2. G. Binnig, H. Roher, and Ch. Gerber: "Surface Studies of Scanning 
Tunneling Microscopy," Phys. Rev. Lett. 49, 57 (1982). 

3. Y. Martin and H. K. Wickr^nasinghe: "Magnetic imaging by force 
microscopy with 1000 A resolution," Appl. Phys. Lett. 50, 1455 
(1987). 

4. J. J. Saenz, N. Garcia, P. Grutter, E. Meyer, H. Heinzelmann, R. 
Wiesendanger, L. Rosenthaler, H. R. Hidber, and H. J. Guntherodt: 
"Observation of magnetic forces by the atomic force microscope," J. 
Appl. Phys. 62, 4293 (1987). 

5. Y. Martin, D. Rugar and H. K. Wickramasinghe: "High resolution magnetic 
imaging of domains in TbFe by force microscopy," Appl. Phys. Lett. 
52, 244 (1988). 

6. D. W. Abraham, C. C. Williams, and H. K. Wickramasinghe: "Measurement 
of in-plane magnetization by force microscopy," Appl. Phys. Lett. 
53, 1446 (1988). 

7. J. J. Saenz, N. Garcia, and J, C. Slonczewski: "Theory of magnetic 
imaging by force microscopy," Appl. Phys. Lett. 53, 1449 (1988). 

8. P. Grutter, E. Meyer, H. Heinzelmann, L. Rosenthaler, H. R. Hidber and 
H. J. Guntherodt: "Application of atomic force microscopy to magnetic 
materials," J. Vac. Sci. Technol. A 6, 279 (1988). 

9. H. J. Mamin, D. Rugar, J. E. Stern, B. D. Terris, S. E. Lambert: "Force 
microscopy of magnetization patterns in longitudinal recording media," 
Appl. Phys. Lett. 53, 1563 (1988). 

10. D. Rugar, H. Mamin, R. Erlandsson, J. Stern and B. Terris: "Force 
microscope using fiber-optic displacement sensor," Rev. Sci. Instrum. 
59, 2337 (1988). 

11. D. Sarid, D. A. lams, and V. Weissenberger: "Compact scanning force 
microscope using a laser diode," Opt. Lett. 13. 1057 (1988). 

12. D. Sarid, D. A. lams, J. T. Ingle, V. Weissenberger, and J. Ploetz: 
"Performance of a scanning force microscope using a laser diode," to 
be published in Proceedings of STM'89, J. Vac. Sci. and Techn. A. 



67 

13. Y. Martin, D. W. Abraham and H. K. Wickramasinghe: "High resolution 
capacitance measurement and potentiometry by force microscopy," Appl. 
Phys. Lett. 52, 1103 (1988). 

14. J. E. Stern, B. D. Terris, H. J. Mamin, and D. Rugar: "Deposition and 
imaging of localized charge on insulator surfaces using a force 
microscope", Appl. Physics. Lett. 53, 2717 (1988). 

15. Y. Martin, C. C. Williams and H. K. Wiclyamasinghe: "Atomic force 
mapping and profiling on a sub 100 A scale," J. Appl. Phys. 61, 
4723 (1987). 

16. G. Binnig, Ch. Gerber, E. Stoll, T. R. Albrecht, and C.F. Quate: "Atomic 
resolution with atomic force microscope," Europhys. Lett. 3, 1281 
(1987). 

17. G. M. McClelland, R. Erlandsson, and S. Chiang: "Atomic force 
microscopy: General principles and a new implementation," in Review 
of progress in quantitative non-destructive evaluation, edited by 
D. O. Thompson and D. E. Chimenti (Plenum, New York, 1987) 6B, 
1307. 

18. O. Marti. B. Drake, and P. K. Hansma: "Atomic force microscopy of 
liquid-covered surfaces: atomic resolution images," Appl. Phys. Lett. 
51, 484 (1987). 

19. T. R. Albrecht and C. F. Quate: "Atomic resolution imaging of a 
nonconductor by atomic force microscopy," J. Appl. Phys. 62, 2599 
(1987). 

20. O. Marti, H. O. Ribi, B. Drake, T. R. Albrecht, C. F. Quate, and 
P. K. Hansma: "Atomic force microscopy of an organic monolayer." 
Science 239, 50 (1988). 

21. R. Erlandsson, G. M. McClelland, C. M. Mate, and S. Chiang: "Atomic 
force microscopy using optical interferometry," J. Vac. Sci. 
Techno!. A 6, 266 (1988). 

22. F. F. Abraham, I. P. Batra, and S. Ciraci: "Effects of tip profile on 
atomic-force microscope images: a model study," Phys. Rev. Lett. 
60, 1314 (1988). 

23. M. D. Kirk, T. R. Albrecht, and C. F. Quate: "Low-temperature atomic 
force microscopy," Rev. Sci. Instrum. 59, 833 (1988). 

24. G. Meyer and N. Amer: "Novel optical approach to atomic force 
microscopy," Appl. Phys. Lett. 53, 1045 (1988). 



68 

25. P. K. Hansma, V. B. Elings, O. Marti, and C. E. Bracken "Scanning 
tunneling microscopy and atomic force microscopy: application to 
biology and technology," Science 242, 209 (1988). 

26. S. Alexander, L. Hellemans, O. Marti, J. Schneir, V. Elings and P. K. 
Hansma: "An atomic-resolution atomic-force microscope implemented 
using an optical lever," J. Appl. Phys. 65, 164 (1989). 

27. B. Drake, C. B. Prater, A. L. Weisenhorn, S. A. C. Gould, T. R. Albrecht, 
C. F. Quate, D. S. Cannell, H. G. Hansma, and P. K. Hansma: 
"Imaging crystals, polymers and processes in water with the atomic 
force microscope," Science 243, 1586 (1989). 

28. C. C. Williams, W. P. Hough, and S. A. Rishton: "Scanning capacitance 
microscopy on a 25 nm scale," Appl. Phys. Lett. 55, 203 (1989). 

29. D. Sarid, V. Weissenberger, D. A. lams, and J. T. Ingle: "Theory of the 
laser diode interaction in a scanning force microscope", IEEE J. 
Quant. Electr. 25, 1968 (1989). 

30. A. Wadas: "Description of magnetic imaging in atomic force microscopy," 
J. Magnetism and Magnetic Materials 78, 263 (1989). 

31. P. Lorrain and D. R. Corson: Electromagnetic Fields and Waves, (W. H. 
Freeman and Co., San Francisco, 1970). 

32. G. Acket, D. Lenstra, A. Den Boef, and B. Verbeek: "The influence of 
feedback intensity on longitudinal mode properties and optical noise 
in index-guided semiconductor lasers," IEEE J. Quant. Electr. 20, 
1163 (1984). 

33. R. O. Miles, A. Dandridge, A. B. Tveten and T. G. Giallorenzi: "An 
external cavity diode laser sensor," J. Lightwave Tech. LT-1, 81 
(1983). 

34. D. A. lams: "Atomic force microscopy of magnetic samples using optical 
detection methods," Master's thesis, 1988. 

35. J. T. Fanton and G. S. Kino: "High sensitivity laser probe for 
photothermal measurements," Appl. Phys. Lett. 51, 56 (1987). 

36. Private communication with J. Inada, Sharp Corporation. 

37. Laser Diode User's Manual, Sharp Corporation (1986). 



69 

38. Technical Manual, Piezo Electric Products, Inc., Advanced Technology 
Group. Cambridge, MA. fi" 

39. J. R. Matey and J. Blanc: "Scanning capacitance microscopy," J. Appl. 
Phys. 57, 1437 (1988). 

40. C. C. Williams and H. K. Wickramasinghe: "Scanning thermal profiler," 
Appl. Phys. Lett. 49, 1587 (1986). 


