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Abstract 

Using scanning probe microscopy, several studies were carried out to characterize 

surface topographies and properties. First, utilizing scanning tunneling microscopy 

(STM), we characterized fullerenes deposited onto gold foils and highly oriented gold 

films. On gold foils, we found that C60 packed in hexagonally ordered overlayers and 

that the images showed internal buckyball features that arose from electronic interactions 

between the molecule and the substrate. On gold films, with an ordered overlayer of 

methyl isobutyl ketone (MIBK), the isolated C60 molecules showed internal features in a 

"doughnut" shape, different than those seen previously. We also imaged gold foils on 

which a significant number of larger fullerene molecules were deposited, and found only 

spherical molecules in our images. 

A theoretical analysis of the optical beam deflection atomic force microscope (AFM) 

predicted sufficient sensitivity to measure atomic corrugations greater than 1 A. This 

agreed with experimental results showing atomically resolvable images. Another 

theoretical investigation probed the relative magnitude of the forces between the tip, 

sample, and an adsorbed atom on a surface. Experimentally, we investigated cleaved 

multiple quantum wells and showed surface corrugations with a period equal to the 

quantum well spacing. 

The third technique used was magnetic force microscopy (MFM). We analyzed a 

novel system that combined the tunneling aspects of STM with the force-sensing 

attributes of force microscopy, and provided the ability to Simultaneously image surface 

features as well as magnetic domains with a sensitivity that depended on the spring 
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constant of the tunneling tip. Experimentally, we used this system to image magnetic 

domains and reveal the surface roughness of magnetic recording media. The second 

MFM technique involved spin-coating a magnetic surface with a ferrotliud, then over

coating with gold, and finally imaging the surface with STM. The STM revealed raised 

ridges where the ferromagnetic particles clumped in regions of high magnetic field 

gradient. The final MFM we utilized imaged magnetic fields using a beam deflection 

force microscope by modulating a magnetic disk head and detecting the vibration of the 

magnetic tip. We were able to image the fields of a floppy disk head. 
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Chapter 1 

Introduction to Scanning Probe Microscopy 

When the optical microscope was invented in the 171h century, scientists began to 

investigate the world not visible to the naked human eye. Over time, the demands of 

science pushed optical microscopy to the diffraction limit, approximately the wavelength 

of light. While this fundamental limit prevented people from seeing, with visible light, 

objects smaller than the wavelength of light, it did not halt research in the submicron 

regime. To meet research demands, revolutionary imaging devices have been developed 

in the last seventy years that allow characterization on an increasingly smaller scale. 

Scanning electron microscopy (SEM) was developed in the 1930's and worked by 

imaging conductive surfaces, not with visible photons, but rather with short wavelength 

electrons. Imaging resolution increased by orders of magnitude, to the point where today 

objects as small as a few nanometers across can be seen clearly. Even more impressive, 

high resolution transmission electron microscopy (HRTEM) exhibits subnanometer lateral 

resolution that is the result of atomic diffraction from crystal planes. Electron microscopy 

is an extremely important analysis tool, although it does have limitations. While the 

lateral resolution in electron microscopy is excellent, the depth of focus is very poor. 

Also, in both scanning electron microscopy and transmission electron microscopy, the 

benefits of resolution have not come without costs in complexity and difficulty in sample 

preparation, as they require vacuum operation that impedes down the analysis process. 

Also, SEM sample must be conductive, while TEM samples must be sufficiently thin to 
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allow electrons to transmit though them. Furthermore, the high energy of the probing 

beam causes damage and irreversible changes in many samples. Although these 

problems are annoying, they have not deterred researchers from trying to develop SEM 

and TEM technologies to their fullest capabilities, because of the scientific demands for 

surface charClcterization with the highest possible resolution. 

More recently, a wide range of new analysis techniques have been invented that 

allow surface scientists to visualize phenomena on an increasingly smaller scale. Some 

examples on this growing list include low energy electron diffraction, Auger electron 

spectroscopy, field ion microscopy, and X-ray and ultraviolet photoelectron spectroscopy. 

These tools have not only addressed scientific questions, in some cases on an atomic 

scale, they have also been extremely useful in the development of new products, 

especially in the semiconductor industry. As devices become smaller and use less 

energy, further advances in characterization technology are required to analyze them. 

The last decade has seen a revolution in the field of surface analysis. Beginning 

with the scanning tunneling microscope, a variety of new surface imaging microscopes 

have been introduced that use radically different techniques to measure and map a wide 

range of material properties, including 

• the conductivity of a sample; 

• the magnetic domains of a sample; 

• the electric fields emanating from a sample; 

• the transmissivity or reflectivity of a sample. 

This list contains only a small number of the surface characteristics that have been 

measured in the last decade with these new microscopes and a more complete list, 
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provided in Table 1.1, was enumerated by Wickramasinghe} A common thread runs 

through all of these new techniques; they all employ probes, kept very close to the object 

surface, that measure a specific sample property on a microscopic scale, and produce 

surface maps by raster scanning the probe along the surface. Hence, these techniques 

have been classified as local probe microscopies or scanning probe microscopies. 

Scanning probe microscopes have changed the way researchers think about 

microscopy. In old style microscopes, it was appropriate to quantify systems in terms 

of their numerical aperture and depth of focus. These terms are not valid concepts for 

scanning probe microscopes. Also, while the resolution of traditional optical microscopy 

is restricted by the diffraction limit, approximately the wavelength of visible light, 

scanning probe microscopy is limited only by the probe size and geometry, and the 

sample to probe distance. In some instances, such as scanning tunneling microscopy, the 

lateral resolution enables single atoms to be imaged, while simultaneously maintaining 

sub-angstrom vertical resolution. Although other local probe microscopies have not as 

yet exhibited atomic resolution, nearly all of these new technologies have set the 

resolution standard in their respective fields. 

Figure 1.1 shows the very basic setup of a scanning probe microscope. First there 

is a sample and probe which are brought close to each other. The interaction of the 

sample with the probe causes a measurable effect on the probe that is represented by the 

signal, Usis• The signal is then sent into the negative arm of an operational amplifier 

where it is compared to a user-set reference level, Urcl• If the signal is less than the 

reference level, then the tip to sample distance is adjusted so as to increase the signal, 

and vice versa. The gap between the tip and sample is regulated with a piezoelectric 
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Table 1.1 Scanning probe microscopy techniques -
1. Scanning Tunneling Microscope (1981) 

• G. Binnig, H. Rohrer et al. 
• Atomic resolution images of conducting surfaces. 

2. Scanning Near-Field Optical Microscope (1982) 
• D. W. Pohl et al. 
• 50 nm lateral resolution optical images. 

3. Scanning Capacitance Microscope (1984) 
• ]. R. Matey, and ]. Blanc 
• 500 nm resolution images of capacitance variation. 

4. Scanning Thermal Microscope (1985) 
• C. C. Williams, and H. K. Wickramasinghe 
• 50 nm resolution thermal images 

5. Atomic Force Microscope (1986) 
• G. Binnig, C. Quate, and Ch. Gerber 
• Atomic resolution of either conducting or nonconducting surface. 

6. Magnetic Force Microscope (1987) 
• Y. Martin, and H. K. Wickramasinghe 
• 100 nm resolution images of magnetic fields. 

7. Frictional Force Microscope (1987) 
• C. M. Mate, G. M. McClelland, and S. Chiang 
• Atomic-scale images of frictional forces. 

8. Electrostatic Force Microscope (1987) 
• Y. Martin, D. W. Abraham, and H. K. Wickramasinghe 
• Detection of charge as small as a single electron. 

9. Inelastic Tunneling Spectroscopy STM (1987) 
• D. P. E. Smith, D. Kirk, and C. F. Quate 
• Phonon spectra of molecules in STM. 

10. Laser Driven STM (1987) 
• L. Arnold, W. Krieger, and H. Walther 
• Atomic resolution imaging by nonlinear mixing of optical waves in STM. 

-
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Table 1.1 continued 
m 

11. Ballistic Electron Emission Microscopy (1988) 
• W. J. Kaiser, and L. D. Bell 
• Probing of Schottky barrier with nanometer resolution. 

12. Inverse Photoemission STM (1988) 
• J. H. Coombs, J. K. Gimzewski, B. Reihl et al. 
• Luminescence with nanometer resolution. 

14. Scanni ng Noise Microscope (1989) 
• R. Moller, A. Esslinger, and B. Koslowski 
• Tunneling microscopy with zero tip-sample bias. 

15. Scanning Spin-Precession Microscope (1989) 
• Y. Manasses, R. Hamers, J. Demuth, and A. Castellano 
• 1 nm resolution images of paramagnetic spins. 

16. Scanning Ion-Conductance Microscope (1989) 
• P. Hansma, B. Drake, O. Marti, et al. 
• 500 nm resolution images in eletrolytes. 

17. Absorption Microscope/Spectroscope (1989) 
• J. Weaver, and H. K. Wickramasinghe 
• 1 nm resolution absorption images/spectroscopy. 

18. Phonon Absorption Microscope (1989) 
• H. K. Wickramasinghe, J. M. R. Weaver, and C. C. Williams 
• Phonon absorbtion images with nm resolution. 

19. Scanning Chemical Potential Microscope (1990) 
• C. C. Williams, and H. K. Wickramasinghe 
• Atomic scale images of chemical potential variation. 

20. Photovoltage STM (1990) 
• R. J. Hamers, and K. Markert 
• Photovoltage images on an atomic scale. 

21. Kelvin Probe Force Microscope (1991) 
• M. Nonnenmacher, M. P. O'Boyle, and H. K. Wickramasinghe 
• Contact potential measurements on a 10 nm scale. 
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Figure 1.1 Schematic representation of scanning probe microscope. The figure is not 
drawn to scale as the tip size has been highly exaggerated. 

element that stretches or contracts depending upon the voltage applied to it. The loop 

on the left hand side of Fig. 1.1, including the piezoelectric element, the tip and sample, 

and the operational amplifier are linked to form a negative feedback loop that constantly 

measures the tip-sample interaction and regulates the tip-sample gap distance to keep U'ig 

nearly constant. In addition to the feedback loop, there are piezoelectric transducers that 

convert electrical signal into smooth movements, and cause the sample to be raster 

scanned beneath the tip. In this way, the probe-tip distance is constantly regulated while 

the sample is raster scanned to produce a map of interaction strength versus position. 

Finally, there is an output, UOUII which is proportional to the tip-sample interaction 

strength, and is captured and displayed by a computer. 
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As scanning probe microscopy developed, more emphasis was placed on using 

scanning probe microscopes not only to characterize surfaces but also to modify them in 

a controlled manner on a nanometer scale. This nanofabrication is becoming increasingly 

important and there have been several articles published that describe the manipulation 

of single molecules.:!.3 This work is critically important, as technology demands new 

methods to fabricate ever smaller electronic devices, the properties of which may change 

due to quantum mechanical confinement effects. Scanning probe microscopy has the 

advantage of both producing these devices as well as characterizing them. 

In the following chapters of this dissertation, we discuss some of the studies we 

have undertaken with various scanning probe microscopes. Chapter 2 concentrates on 

scanning tunneling microscopy, first giving a theoretical summary of the technology, then 

describing several experiments we have conducted, including the imaging of fullerene 

molecules on a variety of substrates and also on the characterization of single crystal gold 

surfaces evaporated on mica substrates. Chapter 3 recounts work done with atomic force 

microscopy, again describing the basic principles of operation and the forces that exist 

between the probe tip and sample. The experiments included in this chapter describe 

imaging done on semiconductor multiple quantum wells as well as atomic imaging on 

several nonconductors. The final chapter describes some work we have done with 

magnetic force microscopy, including a theoretical description of operation of a unique 

microscope as well as some images taken with it. Finally, we present images taken of 

magnetic disk heads with a more standard magnetic force microscope. Much of the work 

described in this dissertation has been published in different articles in a number of 

journals, and a complete list is presented in Table 1.2. 
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Table 1.2 Some published articles by the author that pertain to scanning probe 
microscopy. 

S. Howells, T. Chen, M. Gallagher, L. Yi, and D. Sarid, "Enhanced Effects with 
Scanning Force Microscopy," J. App!. Phys. 69 (10), 1991. 

S. Howells, T. Chen, M. Gallagher, D. Sarid, D. L. Lichtenburger, L. L. Wright, C. 
D. Ray, D. R. Huffman, and L. D. Lamb, "High Resolution Images of Isolated 
C60 Molecules on Gold (111) Using Scanning Tunneling Microscopy," Surf. 
Sci., in press. 

S. Howells, M. Gallagher, T. Chen, P. Pax, and D. Sarid, "Oxidation Effects on 
Cleaved Multiple Quantum Well Surfaces in Air Observed by Scanning 
Probe Microscopy," App!. Phys. Lett. 

T. Chen, S. Howells, M. Gallagher, L. Yi, D. Sarid, D. Lichtenberger, K. W. 
Nebesney, and C. D. Ray, "Internal Structure and Two-Dimensional Order 
of Monolayer C60 Molecules a on Gold Substrate," J. Vac. Sci. Techno!., B9, 
2461 (1991). 

T. Chen, S. Howells, M. Gallagher, L. Yi, D. Sarid, D. Lichtenberger, K. W. 
Nebesney, and C. D. Ray, "Modelling of Intramolecular Structure of 
Monolayer C60 Observed with Scanning Tunneling Microscopy," Mater. Res. 
Soc, Proc., 206, 721 (1991). 

D. Sarid, T. Chen, S. Howells, M. Gallagher, L. Yi, D. Lichtenberger, K. W. 
Nebesney, C. D. Ray, D. R. Huffman, and L. D. Lamb, "Atomic Force 
Microscopy of C60 Molecules on a Gold Substrate," Ultramicroscopy, in press 
(1992). 

L. D. Lamb, D. R. Huffman, R. K. Workman, S. Howells, T. Chen, D. Sarid, and 
R. F. Ziolo, "Extraction and STM Imaging of Spherical Giant Fullerenes," 
Science, 255, 1413 (1992). 

L. Yi, D. Sarid, S. Howells, M. Gallagher, and T. Chen, "Combined STM-AFM for 
Magnetic Applications," Proc. Engineering Foundation Conference on 
Scanned Probe Microscopies, AlP Conf. Proc. 241, 537 (1992). 
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Chapter 2 

Scanning Tunneling Microscopy 

The first scanning tunneling microscope was buil t in 1981 at IBM Ruschlikon in 

Zurich by G. Binnig, H. Rohrer, Ch. Gerber, and E. Weibel4
• The scanning tunneling 

microscope ushered in a completely new branch of surface physics, since it enabled, for 

the first time, individual atoms on a surface to be "observed atom by atom."s 

Immediately thereafter, the inventors experimented on a wide range of surfaces, the most 

important being Si (7x7) where they showed the reconstruction of the silicon surface6 

and settled a dispute that was argued by theorists for at least a decade. Based on low 

energy electron diffraction (LEED) results, surface scientists knew of the existence of Si 

(7x7), but could not unambiguously assign the Si atom positions within the unit cell. By 

solving this long-standing problem, attention was focused on scanning tunneling 

microscopy and it became a credible research tool. Since those early exciting days, the 

field of sca;~ning tunneling microscopy has grown exponentially to where today it is one 

of the most valuable and widespread surface analysis techniques. 

This chapter begins with a brief description of scanning tunneling microscopy, 

commonly called STM, familiarizing the reader with its constituent components and 

modes of operation. Following this is an exposition of some of the work done in our 

laboratory using STM, focusing primarily on carbon-60 deposited on gold foil as well as 

highly oriented gold films. Also, we describe our investigation of the very important 

issue of the shape of larger fullerenes. The chapter ends with a description of the gold 
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Figure 2.1 Schematic of STM scanner and base. The piezotube moves the tip in a 
raster pattern as well as longitudinally, and the stepper motor is used to lower the tip 
to the surface automatically. 

on mica film growing process and the subsequent characterization using STM. 

2.1 Introduction to Scanning Tunneling Microscopy 

Since the first STM was built a decade ago, surprisingly little has changed in the 

physical construction and operation. Figure 2.1 shows a diagram of a commercially 

available scanning tunneling microscope that operates in air (Digital Instruments, Inc.). 

One advantage of this air STM is its ease of operation. Initially, the head of the 

microscope is lifted from the three screws that support it on the base, and a conducting 

sample is mounted firmly in place by a metal clip onto the base support. After mounting 

the sample, the head is replaced on the screws, which have been extended, so that the 
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Figure 2.2 Schematic of a piezotube scanner with the top mounted in the tip holder. 
The axes relate the piezotube to the standard scan directions. 

tip is several millimeters from the sample surface. Then, using an optical microscope to 

monitor the tip to sample distance, the support screws are lowered, until the tip is within 

several microns of the sample. To reliably position the tip within tunneling range 

requires a mechanism that slowly moves the tip closer to the sample while constantly 

monitoring the current. This is accomplished with a stepper motor that drives one of the 

screws, having a mechanical disadvantage of approximately 1:10, so that for each 

nanometer the stepper motor advances, the tip only approaches one angstrom towards 

the sample. After each step motor advances, the piezoelectric element (commonly 

referred to as the piezo) that holds the tip, as shown in Fig. 2.2, extends and the 

tunneling current flowing between the tip and sample is measured. If the tunneling 
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current is above a user-specified setpoint, then advancement of the stepper motor is 

stopped and scanning begins; otherwise, the piezo is retracted and the process is 

repeated. This iterative procedure automatically brings the tip within tunneling range 

without "crashing" the tip into the sample. 

Scanning tunneling microscopy images are generated by raster scanning the tip 

across the sample surface while simultaneously monitoring and adjusting the tunneling 

current. Scanning is performed by applying triangular waveforms to the outer electrodes 

of the piezotube, shown in Fig. 2.2. The tube, which converts electrical signals into 

smooth mechanical movements, consists of a piezoelectric material that expands or 

contracts longitudinally when a voltage is applied between the inner and any of the outer 

electrodes. The tube shown in Fig. 2.2 consists of five electrodes--four outer electrodes 

that control the lateral position of the tip (conventionally referred to as the x and y 

directions) and one inner electrode that controls longitudinal tip displacements (z 

direction). Applying signals of opposite polarity to opposite quadrants of the tube causes 

one side of the tube to expand and the other side to contract, thus moving the tip 

laterally. The tip can be scanned uniformly in the x (or y) direction by simply applying 

opposite polarity triangle waves to the x (or y) electrodes. Motion in the z direction is 

obtained by supplying a voltage to the inner electrode, thus causing all four quadrants 

to expand or contract. 

Due to the tip-sample proximity, it is necessary to use some type of stabilization to 

keep the gap distance constant. This is achieved by using negative feedback applied to 

a z-piezoelectric electrode, as shown in Fig. 2.3, a basic schematic of the STM along with 

the feedback loop. The tunneling current is sent to the inverting input of an integrating 



25 

. 
plezo 

scanner 

Ire! 

v, 
b~r:J sample 

Figure 2.3 Schematic of a scanning tunneling microscope with a negative feedback 
loop. The image can be displayed using either It or Uz to set tile grayscale level of a 
monitor. 

amplifier while the voltage on the non inverting input is controlled by the user and is 

referred to as the setpoint level. When the tunneling current rises above the setpoint 

current, the output signal of the amplifier, which is applied to the z-electrode, goes 

negative and causes the tube to contract, thus forcing the tunneling current to fall. 

Conversely, if the tunneling current is less than the setpoint, the amplifier generates a 

positive voltage which, when applied to the z-piezo, causes the tip to approach the 

sample. Consequently, the effect of the amplifier is to continuously force the tip to 

maintain a tightly controlled distance from the surface, so that the tunneling current 

equals the setpoint current. For greater stability, the control electronics usually contains 

two feedback loops, one that responds to high frequency changes, called the proportional 

gain, in the tunneling current and another that responds to low frequency variations, 
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referred to as the integral gain. By adjusting the amount of feedback in these two 

circuits, one can find the optimal feedback level that produces images that best duplicate 

the surface. 

Typically, there are two modes of STM operation: First, by maximizing the high

and low-frequency feedback loop gains to levels just below where the system begins to 

oscillate, topographic images of the surface are produced. As stated previously, raising 

the gain forces the piezotube to adjust the vertical tip position so that the tunneling 

current remains fixed. The image yielded is simply a map of the vertical tip position 

(which is proportional to Uz/ from Fig. 2.3) at each coordinate of the sample. Scanning 

is done at slower speeds that allow the feedback to respond to sudden changes in 

topography, making it important that the amount of thermal drift present is small 

compared to the scan rate. Otherwise, the images are dominated by thermal effects and 

it is difficult to reliably measure feature sizes. Operating the STM in this manner is 

referred to as constant current mode. 

In the second mode of operation, one reduces the feedback gain, and obtains a map 

of the surface based on variations in tunneling current. Lowering the gain so that the 

feedback loop is underdamped allows the tunneling current to tluctuate as the tip scans 

over surface features, but still keeps the average current constant; consequently, the tip 

still responds to large scale changes in the surface topography such as sample tilt, 

preventing the tip from crashing into the surface. Now the image is a map of the 

tunneling current (1\1 from Fig. 2.3) at each point on the surface. In this mode, commonly 

referred to as constant height mode, it is better to scan quickly so that thermal drift 

problems are reduced and the images show minimal effects due to feedback instabilities. 
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The best mode of operation is determined by the size of the scan and the surface 

roughness. Constant current mode should be used on rough samples or large scan areas 

to insure that the tip does not crash into the surface. Conversely, when scanning small, 

smooth samples it is best to use constant height mode because it is typically less noisy 

and data is taken faster. 

The images obtained are viewed in real time by converting the tunneling current [I 

(constant height mode) or z-piezo voltage U, (constant current mode) at each point on 

the sample into a gray scale level or false color and displaying it on a monitor. 

2.2 Theory of Scanning Tunneling Microscopy 

The physical description of STM given above is important for understanding the 

operation of the system, but no STM introduction is complete without a discussion of the 

tunneling process occurring between the tip and sample. To that end, consider the 

simple problem of two semi-infinite electrodes separated by a gap distance, s, that, 

although it does not accurately model the three-dimensional nature of the problem, does 

contain useful information. Simmons' showed that at low bias voltages (V«!/l, the work 

function of the material), the regime in which an STM is usually operated, the tunneling 

current density between two semi-infinite parallel metallic surfaces can be approximated 

by 

I = IL V!/lau( ~ exp(-2KS) (2.1) 

where K = (2m!/l",j'tiY'2 = 1.025 !/lau( k1 eV-1
/

2
, It = (e/h?(2m)1I2 and !/lau( is the mean work 

function of the two electrodes. For a typical material with a work function of 4 eV, the 

tunneling current density changes by about an order of magnitude for each angstrom 
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change in the gap, leading to a high tunnel-gap sensitivity. Furthermore, we see that the 

current density is linearly proportional to the applied voltage, i.e. the junction is ohmic 

at low voltages. Equation 2.1 also suggests a method for measuring the work function 

using STM. Differentiating with respect to s leads to 

dl fcC V V - =-2K tj> 1,_exp(-2KS) -I
L
-exp(-2KS) 

ds au, . S S2 

(2.2) 

= - 2K{<C 1 -.2.. 1 
o ., 0 I 

S s-

where 10 = MV/s)exp(-2KS). The second term can be neglected if s is greater than a couple 

of angstroms, leading to the barrier height solution of 

tj> = 0.952 (~~]2 
au, 1 ds(A) 

= 0.952 ( dln/]2 
ds(A) 

(2.3) 

Experimentally, the barrier height is found by modulating the gap distance a small 

known amount 6.s at a frequency greater than the cutoff frequency of the feedback 

electronics and measuring the corresponding change in tunneling current M. Then the 

measured values are inserted into Eq. 2.3 to yield the barrier height. 

While Eq. 2.1 gives a qualitative understanding of the tunneling process for metal 

electrodes as well as the functional relationship between the current density, gap 

distance, and bias voltage, it has limited applicability to STM, particularly because of the 

semi-infinite electrode approximation. To predict STM resolution as well as image 

profiles, it is necessary to extend the theory to three dimensions and take into account 
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the finite size of the tip. This is accomplished by assuming a specific form for the 

electronic wavefunction at the end of the probe. Spatially confining the wavefunction 

leads to a more general tunneling eguationB 

I = 2rce ~ ji(E) [1 - ji(E +eV)] 1M 12 b(E - E), 
'\0 L..J" v "V" v 
n "V 

(2.4) 

where j(E) = {l + exp[(E-E,)lkbnV I is the Fermi distribution function at energy E, and 

IM"v 12 is the tunneling matrix element from the initial state 'V" to the final state 'Vv' 

explicitly given by9 

(2.5) 

where the area of integration is over any plane in the barrier region. The matrix element, 

containing the wavefunctions of the tip and sample, is important for calculating STM 

resolution as well as total current flowing between the tip and sample. 

Using this formalism, Tersoff and Hamann8 assumed that tunneling occurred from 

s-wavefunctions of the tip to the sample and calculated that the resolution of the STM 

should be approximately 6-9 A.. This contradicted later results by many researchers who 

resolved surfaces with greater resolution, most notably Hallmark et al., who showed 

atomic resolution of a Au(lll) surface. 1O These experiments, along with the fact that the 

elements most commonly used to make tips (W, Pt, and Ir) are d-band metals with 

approximately 85% of the density of states at the Fermi level coming from the d-band,ll 

suggested that the s-wave tip assumption was not valid. Chen more realistically 

assumed a d-band tip and showed that atomic resolution of metals was theoretically 

possible with STM. His results suggested that the matrix element, used in Eg. 2.4, is 
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proportional to the derivative of the sample wavefunction evaluated at the center of the 

tunneling atom for either p- or d-type wavefunctions. Moreover, it was found that a p

or d-type tip wavefunction results in a corrugation amplitude on metal surfaces which 

is an order of magnitude larger than the amplitude expected using s-waves.12 

Two final notes on the theoretical description of scanning tunneling microscopy: 

While Eq. 2.4 is very general, it assumes that the tip is a nonperturbative probe of the 

sample, i.e. the electrode wavefunctions are dependent only on characteristics of that 

electrode and are independent of external bodies, such as a second electrode. From the 

early days of STM it was suggested that, at least in some cases, interactions between the 

tip and sample are importantl3 and that the presence of the sample perturbs the tip 

states. However, only a limited amount of work has been done in this area due to its 

difficultyY Also while it is possible to produce and physically characterize tips on an 

atomic scale,ls it requires a tremendous amount of work that only a few researchers care 

to perform. The uncharacterized nature of the tip sometimes leads to effects such as 

probe-sample convolution that int1uence STM images. It is the lack of knowledge of the 

tip shape and wavefunction, along with the unknown interaction between the tip and 

sample, that occasionally leads to questions about the interpretation of some scanning 

tunneling microscopy images. 

2.3 Scanning Tunneling Microscopy of C60 

One of the most exciting discoveries in material science during the last decade was 

the existence of a class of carbon-shell molecules, dubbed buckminsterfullerenes or 

simply fullerenes, which have the general characteristic of being closed hollow aromatic 
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Figure 2.4 Truncated icosahedron model of the CtA) molecule. Each carbon atom lies 
at the corner of two hexagons and one pentagon. The carbon cage has a diameter of 
7.1 A. 

molecules. Interest in fullerene molecules began in 1984 when it was discovered that 

laser vaporizing graphite in an inert gas atmosphere produced only carbon clusters with 

an even number of constituent atoms for clusters larger than 40 atoms}6 Subsequently, 

it was found that by adjusting the production parameters (gas pressure and the timing 

between graphite vaporization and the arrival of the cooling helium gas pulse) 60-atom 

carbon clusters were unusually dominant in the mass spectra. 17 This led a year later to 

the speculation by Kroto, Smalley, et al. 18 that the shape of the CtA) molecules produced 

in the vaporization process was that of a truncated icosahedron, as shown in Fig. 2.4. 

This highly symmetric structure is reminiscent of a soccer ball with each carbon atom 

situated at the corner of one pentagon and two hexagons. The entire polyhedron consists 
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of 20 hexagons and 12 pentagons, with each pentagon surrounded by 5 hexagons. Due 

to the symmetry of this particular isomer called a buckyball, the strain of closure is 

uniformly distributed over the entire surface,18 and therefore is the isomer of lowest 

energy for a 60-atom closed molecule. Other properties predicted for C6I.) were that 

because all of its bonds are satisfied it should be fairly inert,19 and therefore isolable/ll 

and that it should be aromatic.21 Finally, it was also suggested that the other carbon 

clusters (Cn, n>40) formed in the vaporization process are also cage-like molecules with 

varying numbers of hexagons, although always consisting of 12 pentagons. The C6I.) 

molecule was christened buckminsterfullerene, or buckyball for short, after the twentieth 

century engineer who did extensive of work with geodesic domes, and the class of 

spherical carbon molecules was labeled fullerenes. 

Between 1985-1990 a number of papers appeared reporting theoretical calculations 

of C6I.) properties, but there were a limited number of experimental results, due to the 

extremely small yields produced by the laser vaporization process. That changed with 

a discovery by Kratschmer, Huffman et al. 22 of a new and surprisingly easy production 

technique that resulted in daily yields of several grams of C6I.) material. Their technique 

involved vaporizing two spectrographic-grade graphitic rods that were butted together, 

by passing a large current through them. Vaporization occurred in the vicinity of the 

contact, producing a plasma that condensed into a graphitic soot that stuck to the walls 

and floor of the vacuum chamber. The soot, called KH-carbon, was then collected and 

dissolved in an aromatic compound such as benzene. C6I.) and C70 were soluble and 

therefore easily separable from the other insoluble carbon clusters by filtration. The 

remaining buckyball-laden solution was then dried leaving crystals of buckyballs. 
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By carefully subliming the resulting crystals, it is possible to produce a third 

allotrope of solid carbon that Huffman and Kratschmer called fullerite. The first two 

allotropes of carbon are the familiar diamond and graphite. The former is a tetrahedrally 

coordinated array of carbon atoms in which each atom is connected to its four nearest 

neighbors by equivalent, highly directed bonds, while the latter consists of planes of 

carbon atoms in a honeycomb pattern with adjacent planes bonding by weak van der 

Waals forces. Fullerite is a face-centered cubic structure at room temperature consisting 

of C60 molecules with van der Waals bonding23 energy of 1.5 eV Imolecule. 

The mass production of buckyballs and other fullerenes allowed a full 

characterization of buckyballs and opened up new avenues of research on these 

materials, including the production of large single buckyball crystals23 as well as 

superconducting films of K-doped C60•
M Some of the more important physical and 

electronic properties of the C60 molecule as well as the crystalline solid are cataloged in 

Table 2.1.25 One property of note listed in Table 2.1 is that, unfortunately, crystalline 

C60 is a nonconductor, having a bandgap of 1.5 eV, and therefore it is impossible to 

perform scanning tunneling microscopy on bulk crystalline samples. However, it is still 

feasible to successfully scan films deposited on conductive substrates that are less than 

several monolayers thick. 

The first reported STM images of buckyballs were obtained by Wilson et al.,26 who 

sublimed submonolayer thick films of C60 molecules on single crystal Au (111) substrates, 

and Wragg et al.,27 who examined much rougher and thicker films sublimed on 

polycrystalline gold. Both studies found that C60 molecules pack hexagonally with a 

nearest-neighbor spacing of 10-11 A. Also, Wilson found that the apparent height of the 



Table 2.1 Some properties of molecular and solid Cw' 
W 4'@ 

Crystal Structure 
Lattice Constant 
Nearest-neighbor spacing 
Index of Refraction 
Bulk Modulus 
Ionization Potential 
Cage Diameter 
Cohesive energy 

per Cw molecule 
per carbon atom 

Electrical Conductivity 
Electron bandgap 

Face-Centered Cubic 
14.2 A 
10.04 A 
2.2@630 nm 
18 gigapascals 
7.6 eV 
7.1 A 

1.5eV 
7.4 eV 
Nonconductor 
1.5eV 
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buckyballs was only 4 A, while Wragg reported that many of the Cw molecules showed 

interesting internal "ridge" features, separated by 3-4 A. 

2.3.1 Scanning Tunneling Microscopy of C60 on Gold Foil 

Sample Preparation 

The Cw material used in this study28.29 was prepared by Huffman and co-workers 

by vaporizing graphite electrodes with resistive heating in a 100 Torr helium 

atmosphere.2.2 The resulting soot was collected, washed with ether, and the ew was 

extracted using benzene and further purified by sublimation. Mass spectra of material 

produced in this way showed predominantly Cw as well as a few percent of C70• 

The purified material was placed in a boron nitride crucible held in a tantalum 

resistor coil, with a thermocouple touching the bottom of the crucible to monitor the 

temperature. The heating assembly was placed in an ultra-high vacuum (UHV) system 

in the laboratory of Prof. Dennis Lichtenberger that contained MgKu X-ray photoelectron 
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spectroscopy (XPS) and He(I)/He(II) ultraviolet photoelectron spectroscopy (UPS) units. 

The fullerenes were then sublimed in a 10-<1 Torr vacuum at approximately 350°C. The 

coverage was estimated from the XPS/UPS signals as well as by our STM analysis. The 

substrates used were 99.99% pure gold foils of thickness 25 J.Lm that were sputter cleaned 

and examined by XPS/UPS before deposition. As a control, Fig. 2.5 shows the surface 

topography of gold foil showing the granular features of the surface ranging in size from 

50 A to 150 A. On the angstrom scale, the surface looks smooth and featureless. 

Results and Discussion 

After deposition, the samples were removed from vacuum and imaged in air using 

tips that were mechanically cut with scissors (Durasharp) from 250 J.Lm Pt/Ir wire. 

Imaging was performed using a wide range of bias voltage and setpoint current 

parameters. Based on the quality of the images, it was apparent that low setpoint 

currents (0.3 nA) and low bias voltages (50-200 m V) were optimal, consistent with results 

by other groupS.26.27 Figure 2.6 shows an 8.4 nm region of the surface covered with 

buckyballs, illustrating that indeed the C6(J molecules are round, consistent with the 

proposed shapeHI and experimental data27 previously obtained. The buckyballs pack 

hexagonally in two dimensions as expected for spherical van der Waals molecules, but 

do not exhibit long range order. Other arrangements such as linear chains and cubic 

packing were also seen, although their spatial extent was only a few molecules. These 

observations are consistent with measurements confirming a low cohesive energy for C6(J 

crystals25 of 1.5 eV /molecule (3.9 kJ/mole). 

Measuring the size of a buckyball accurately in Fig. 2.6 is difficult due to the finite 
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Figure 2.5 STM image of a clean gold foil before C60 molecules were deposited on it. 
There are no features on the surface approximately 1 nm large. 
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Figure 2.6 STM image of an 8.4 nm region showing hexagonally packed C60 molecules 
as well as intramolecular features in the buckyballs. The nearest-neighbor spacing 
between molecules is 11.3 A. 
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probe size. We must first precisely define what is meant by molecular diameter. Many 

atoms and molecules pack as hard spheres or "billiard balls" in that there is very little 

force between particles until they are separated by a certain intermolecular spacing at 

which point the repulsion becomes very large. The center-to-center spacing at the point 

where the molecules repel is defined as the van der Waals diameter and is the definition 

that will be adopted here for the molecular diameter. Averaging over all neighboring 

pairs of buckyballs in Fig. 2.6 results in a molecular diameter of 11.3±O.9 A, in good 

agreement with X-ray and electron diffraction.22
.2.3 In contrast, isolated buckyballs appear 

larger than those situated in a lattice. The molecules in Fig. 2.6 labelled a and bare 

12.5 A and 11.8 A, respectively, in diameter and lie at the edge of the close-packed 

region. This discrepancy in size can be attributed to tip effects that results in convolution 

between the tip and fullerene molecule shapes. Because of the non-negligible size of the 

probe tip with respect to the fullerene molecule, the profile of the buckyball show effects 

of convolution that makes measuring the size of isolated molecules problematic. 

Figure 2.6 shows a packed array of C60 molecules, but does not display any isolated 

molecules. Even in samples with low buckyball coverage, it was difficult to find and 

reproducibly image isolated fullerenes. The cause of this phenomena was the tip, which 

tended to brush weakly bonded molecules aside as it scans. Proof of this was seen in 

time elapsed images of the same area where the buckyball positions changed and the 

total number of buckyballs in a scan area dropped over time as the tip sweeps them out 

of the scan region. Therefore only molecules held in position by neighboring molecules 

or defects30 on the surface imaged reliably. 

It may seem surprising that it is possible to image C60 with STM at low voltages 
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Figure 2.7 Schematic of the energy level alignment for a single layer and multilayer 
C60 film on a metal of work function cpo 

considering that the gap between the highest occupied molecular orbital (HOMO) and 

the lowest unoccupied molecular orbital (LUMO) is approximately 1.7 eV.31 One might 

expect that at low negative voltages, the STM would inject electrons into energy levels 

where no states exist or at low positive biases the STM would be pulling electrons from 

empty energy levels. However, this is not the case due to an interesting energy level 

alignment of the buckyballs with the metal substrate32 that is schematically depicted in 

Fig. 2.7. The energy levels of the buckyballs align with the Fermi level of the metal 

substrate, not the vacuum level, as occurs with other large van der Waals solids. Based 

on inverse photoemission results, the LUMO lies near the Fermi level of the metal, 

independent of the work function of the substrate, and is shifted and broadened due to 
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interaction with the substrate, leaving occupied states at the Fermi level.32 These partially 

filled states that reside near the Fermi level are important since they allow tunneling at 

low bias voltages. 

Figure 2.6 also shows very interesting intramolecular contrast (IMC) that agrees with 

other STM studies27 and whose origin will be explained later. Most of the molecules 

show three ridges running through the buckyball like those in Fig. 2.8a, while others 

upon closer inspection have several bumps like that in Fig. 2.8b. One might guess that 

the internal features are due to the spatial variations of either the HOMO or LUMO of 

C60, depending upon whether the sample is negative or positive with relation to the 

grounded tip, respectively, however Fig. 2.9 shows the average spatial distribution of the 

electron density of both the HOMO and LUMO for an isolated C60 molecule33
, and it 

does not show the same features or symmetry as molecules in Fig. 2.6. We considered 

several other possible causes that might give rise to such an effect including (1) tip 

effects, such as a multiple atom tip; (2) contamination due to ambient exposure; (3) 

variations in It-electron density due to carbon cage; and (4) variations in It-electron 

density as a result of coupling between the C60 molecule and the gold substrate. 

We ruled out the first possibility of a tip effect based on the fact that the IMC varies 

both in symmetry and orientation, and were not present in otherwise well-resolved C60 

molecules in different area of the same sample. Furthermore, numerical calculations on 

the effect of imaging buckyballs with multiple atom tips, specifically a tip with a 

tetrahedral apex, revealed that the expected image did not agree with the IMC observed. 

The images generated by computer simulation showed STM corrugations with a larger 

spacing than the corrugations in Fig. 2.8. This alone did not rule out the possibility of 
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Figure 2.Sa STM image of a single buckyball showing intramolecular features in the 
three-ridge pattern. 
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Figure 2.8b STM image of a single buckyball showing intramolecular features consisting 
of several bumps. 
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Figure 2.9a Calculated spatial distribution of the average electron density of the 
degenerate HOMO states. The darker regions represent low electron density while the 
lighter regions depict high electron density. 

Figure 2.9b Calculated spatial distribution of the electron density of the degenerate 
LUMO states. Again, the darker regions represent low electron density while the light 
regions depict high electron density. 
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tip effects, however, to produce images with more closely spaced ridges it was necessary 

to model the tip more compactly than the tetrahedron used and we did not believe that 

this was possible. 

Because of the inertness of C60 at room temperature,19 it is unlikely that the internal 

features are due to contamination. Furthermore, images taken in ultra-high vacuumZ9 

also show the same internal features, confirming that the features were not a result of 

contamination. The third possibility listed is that the internal molecular contrast is due 

to variations in n-electron density due to the hexagons and pentagons. If this were the 

cause of the IMC, then the expected distance between features on the sphere would be 

5.7 A, the distance between adjacent pentagons projected onto the outer surface of the 

buckyball. This is much larger than the observed 3.5 A ridge spacing and therefore this 

conjecture is eliminated as a possibility. 

Addressing the fourth hypothesis, the spatial variations of the HOMO and LUMO 

of a bonded C60 molecule may be significantly different than the HOMO and LUMO of 

an isolated molecule, depicted in Fig. 2.9, depending upon the bonding strength. 

Delocalization of electron density between the metal and the fullerene molecule takes 

place such that electron transfer takes place simultaneously from filled metal levels to the 

LUMO of the C60 and from the HOMO of the C60 to empty metal states. Ohno et al.3Z 

showed that the adsorption of C60 monolayers onto metal surfaces results in a net transfer 

of between 0.1 - 0.5 charge units per buckyball. This agrees with a theoretical study 

performed by Burstein et al..lO which showed that, for even high work function metals, 

electron transfer to the buckyball occurs and that there is significant broadening of the 

LUMO due to resonance with the substrate energy levels. 
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The most significant interaction with respect to STM measurements involves the 

LUMO of C6()' which, when isolated, has threefold energy level degeneracy. Placing the 

buckyball on the gold surface destroys the LUMO degeneracy and favors donation and 

acceptance using particular orbitals of the set and may result in the internal features seen 

in Fig. 2.6. This qualitative picture is supported by molecular orbital calculations of C60 

on a metal surface. Lichtenberger and coworkers3t showed, using the Fenske-Hall 

molecular orbital method, that when C60 bonds to the organometallic complex 

triphenylphosphine [Pt(P(C6Hshhl Ita large number of C60 orbitals become involved to a 

small extent with the metal center, and the sum of these individually small contributions 

becomes significant. 1131 They also found that bonding occurs between the platinum atom 

and any of the two adjacent carbon atoms that reside in separate pentagons. 

Furthermore, in the C60 complex, the negative charge transferred to the buckyball was not 

distributed uniformly throughout the molecule. Interestingly, it was not the atoms that 

directly coordinated to the platinum that were most negative; instead it was the 

neighboring atoms that contained the most negative charge. These results suggest that 

the electronic changes in a buckyball bonded to a metal surface are significant and affect 

the entire molecule and not simply the bonding site, agreeing qualitatively with our 

hypothesis explaining the internal features seen in C60 • 

Since the completion of this study, other groups have reported on STM imaging of 

buckyballs deposited onto a variety of substrates. Recently, Zhang et al.35 performed 

scanning tunneling microscopy on both C60 and C70 molecules deposited onto single 

crystal gold (111) and (11 0) surfaces. Their results concur wi th our findings that the 

internal features seen on C60 are due to the electronic states of the buckyball. Also, 
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articles were published reporting on C60 deposited onto clean GaAs(110) substrates and 

subsequent STM imaging.36
,37 In this case, the interaction between the fullerene and 

the substrate is much weaker and the buckyball is bound only by van der Waals forces. 32 

The reports do not mention internal features like those that we saw. Atomic force 

microscopy performed on thick fullerene films verify that the crystal structure is either 

hexagonal close-packed or face-centered cubic.38
,39 These reports confirm that no 

internal features of the buckyballs were seen.40 This result is expected if the internal 

features arise from electronic effects. Since the AFM is sensitive to the total electron 

density and not just those near the Fermi level, it does not sense electronic changes in the 

LUMO as sensitively as STM. 

2.3.2 STM of Buckyballs on Other Surfaces 

Sample Preparation 

This section focuses on STM experiments aimed at obtaining high resolution images 

of isolated fullerene molecules firmly anchored to a Au(111) surface.41 The anchoring 

was accomplished with methyl isobutyl ketone (MIBK) [CH3COCH2CH(CH3h), which 

formed a hexagonally ordered overlayer on the gold surface and allowed high resolution 

STM images of isolated fullerenes to be made. The images of the C60 molecules displayed 

intramolecular contrast in a "doughnut" shape, unlike the internal molecular contrast 

(IMC) of C60 on gold foil presented in the previous section. 

Epitaxial gold (111) films were prepared under high vacuum conditions by 

evaporating gold onto cleaved muscovite mica substrates heated to 320°C, producing 

large atomically flat domains.42A3 The samples were mounted onto metal stubs using 
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silver paint to establish electric conductivity in order to perform photoelectron 

spectroscopy. It is important to note that the volatile component of the silver paint used 

is methyl isobutyl ketone (MIBK), composing 58% of the silver paint. After the silver 

paint dried, the sample and holder were placed in a UHV evaporation chamber and 

fullerene molecules were deposited on it. The surface was first characterized by XPS and 

UPS analysis:" The extent of gold signal attenuation in the core XPS and low valence 

UPS spectra showed approximately a monolayer of material on the surface. The XPS 

spectra showed the presence of carbon- and oxygen-containing material in addition to 

C60, while the low valence ionizations of C60 were cleanly observed in the UPS spectrum. 

Results and Discussion 

Upon removal from the evaporation chamber, the sample was imaged in air using 

a Nanoscope-II STM. Imaging was performed using mechanically cut Pt/Ir tips that 

were first tested on graphite to be sure that they successfully imaged with atomic 

resolution. A wide range of tunneling currents and bias voltages were investigated, from 

0.1 nA to 40 nA and from 10 mV to 4 V, respectively. The C60 molecules were visible 

below approximately 1 V, with the best images obtained below 100 mV, consistent with 

the results of the previous section. However, unlike the previous section, the optimum 

current was 10 nA, much higher than formerly observed. This was not expected, since 

the molecules appear to be mobile on metal surfaces, it was expected that low tunneling 

currents would be less likely to perturb the fullerenes, thereby facilitating more stable 

imaging. Conversely, while we found that it was possible to see the C60 molecules at 

lower tunneling currents, imaging quality rose as the tunneling current grew until, at 
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approximately 10 nA, we were able to see both the C60 molecules and the substrate 

lattice. 

Figure 2.10a is an STM image of the sample with a cross section through two 

fullerene molecules, showing isolated fullerene molecules as well as the hexagonally 

ordered substrate lattice that the molecules were deposited onto. Figure. 2.10b is a 

surface view of the same image that better relates the relative height of the buckyball and 

hexagonal lattice. The hexagonal lattice of the background has a nearest-neighbor 

spacing of 4.1±O.2 A and a corrugation of ... 1 A, much larger than the 2.9 A 

nearest-neighbor spacing for the Au(111) surface. 1o Due to this discrepancy, as well as 

the fact that the gold (111) films produced the familiar 2.9 A hexagonal lattice before C60 

was sublimed onto them, and the evidence from the XPS which showed the presence of 

other carbon- and oxygen-containing material, we believe that the surface had an 

overlayer adsorbed onto it during the fullerene deposition process. Since none of our 

preyious work done on gold foil showed this background lattice, and because these were 

the first samples that required a dab of silver paint on the edge of the film to provide an 

electrical path to ground, we concluded that it was an element of the silver paint that 

was causing this effect, specifically, methyl isobutyl ketone. 

Figure 2.11 is a schematic representation of the methyl isobutyl ketone molecule. 

It contains a ~otal of 6 carbon atoms with a pair of methyl groups (CH3) bound to the 

fourth carbon atom and an oxygen bound to the second carbon atom. While there is a 

fairly substantial amount of work reported on alkanethiolate molecules (long chain 

organic molecules terminated with a sulfur atom) bound to gold by their terminating 

sulfur atom,45,46 to date very little work has been undertaken on the ketone-gold 
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Figure 2.10a STM image of isolated buckyballs deposited on a gold (111) surface covered 
with a hexagonally ordered overlayer of methyl isobutyl ketone showing a cross section 
through two C6Q molecules. 
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Figure 2.10b STM surface image of isolated buckyballs deposited on a gold (111) surface 
covered with a hexagonally ordered overlayer of methyl isobutyl ketone. 
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Figure 2.11 Schematic representation of methyl isobutyl ketone. The atoms labelled 
"c" are carbon, while the atom labelled "0" is oxygen. 

interaction and there have been no reports of STM being done on ketones adsorbed to 

gold. Recently, Widrig et al.47 reported on STM results where sulfur-bound alkanethiol 

molecules [CH3(CH2)nSH, n=3-18] were deposited on gold (111) surfaces. Their images 

revealed a hexagonal pattern with nearest-neighbor spacings of 5.0 A and a corrugation 

of approximately 2 A. They also noted that the Au(lll) surface and the alkanethiolate 

coated surface could be imaged using comparable tunneling currents and voltages. As 

with their experiments, we observed a hexagonal array with a similar corrugation. 

However, the nearest-neighbor spadngs measured in our case, was not a (VJx:.f'J ) 

packing on the gold (111) surface, as Widrig et at. observed with the alkanethiolate 

molecules. The mechanism by which the MIBK binds to the gold(lll) surface is not yet 
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clear and requires further investigation both by STM and possibly other experimental 

techniques. 

Two control experiments were conducted to verify that the hexagonal background 

observed in Fig. 2.10, which has nearest-neighbor spacings of 4.1±.2 A., was indeed that 

of an overlayer of MIBK adsorbed on the gold (111) surface. In the first experiment, 

undertaken to verify that the molecules seen were due to an adsorbed species on the 

Au(111) surface, the sample was heated to 180cC in air and re-imaged with the STM. 

Figure 2.12 is the resulting STM image showing the atomically resolved gold (111) surface 

with a nearest-neighbor spacing of 3.0±.2 A. The heating apparently removed the MIBK 

and exposed the gold surface. It should be noted that although some of the fullerenes 

were left on the surface, the images were much less stable, probably due to a higher 

mobility of the C60 molecules. As a second control experiment, a bare gold (111) surface 

was exposed to a 0.1 M solution of MIBK in absolute ethanol for two hours. After 

rinsing the sample with ethanol and allowing it to dry, we again observed the 4.1 A 

hexagonal array, as shown in Fig. 2.13. Samples soaked in ethanol alone and scanned 

did not produce images of a hexagonal lattice with a 4.1 A spacing. We concluded, 

therefore, that the background observed in Fig. 2.10 was that of MIBK covering the gold 

(111) surface as a hexagonally ordered overlayer. 

From a cross section of the images shown in Fig. 2.lOa, we find that the diameter 

of the fullerene molecules was 11±1.0 A, measured from the outer edges of the torus, 

with a corrugation of 0.6 A; the height of each fullerene above the background MIBK is 

'" 2 A. Because the C60 molecules are spherical, one expects to measure a height of 

approximately 10 A. However, because the STM measures both topography and local 
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Figure 2.12 STM image of the sample after it was heated to a temperature of 180°C for 
an hour. The image shows a hexagonal array with a nearest-neighbor spacing of 3.0 A, 
consistent with the gold (111) surface. 
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Figure 2.13 STM image of the sample after the adsorption of an overlayer of methyl 
isobutyl ketone on the gold (111) surface, revealing the hexagonal array with nearest
neighbor spacing of 4.1 A. 
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density of states of the surface, it is difficult to accurately measure the relative height 

between two different materials.35 In the previous experiments, where the fullerenes 

were deposited directly on gold foils, the maximum apparent height of each fullerene 

was 5-8 A above the substrate. It seems plausible, therefore, that the fullerenes in this 

experiment are partially imbedded in the MIBK monolayer and only their topmost 

features are visible to the STM. In general, fullerene molecules are expected to be mobile 

on atomically smooth and ordered surfaces, and obtaining high resolution STM images 

requires that they be pinned down. This can be accomplished by having steps or defects 

on the surface, or by fabricating a large area coverage of condensed molecules. Evidently 

it is possible to use a monolayer of MIBK to provide a mechanism for anchoring isolated 

fullerene molecules to a gold surface, thus allowing reproducible imaging of isolated C60 

molecules to be performed. 

We now focus on the internal features seen in the C60 molecules. The images shown 

in Fig. 2.10 exhibit interesting features on the surface of each isolated fullerene molecule. 

We note that a typical image exhibits a doughnut shape with a slight bump at the center. 

Clearly, the internal features are due to a superposition of topography and local density 

of states of both the CliO and MIBK since evidence of both are seen in each buckyball. The 

interaction is manifested by a charge transfer to the fullerene molecules from the metal 

substrate and a mixing of orbitals between these twO.32 Comparing these buckyball 

images with those obtained on gold foil substrates show that the internal features of the 

buckyball/MIBK/ Au(l11) system are different than the buckyball/polycrystalline gold 

system. 

Next, it is found that the background MIBK molecules which are adjacent to each 
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fullerene molecule appear brighter than the rest of the MIBK lattice. Possible 

mechanisms that may give rise to this effect include processes where (1) the tip tunnels 

both vertically into the MIBK molecules and laterally into the fullerene molecule, (2) the 

LOOS of a fullerene molecule "spills" over to the MIBK molecules around it, and (3) the 

fullerene molecule is imbedded in the MIBK background pushing up its surrounding. 

It is not clear at this point which of these mechanisms is appropriate, and further 

investigations probably employing other experimental techniques are required. 

In conclusion, we showed high resolution scanning tunneling microscopy images 

of isolated fullerene molecules that were locked in position by an ordered overlayer of 

methyl isobutyl ketone on a gold (111) surface. The stable tunneling conditions made it 

possible to obtain images of fullerene molecules that displayed intramolecular contrast 

on the background of molecularly resolved images of the MIBK. These results were in 

agreement with the picture that described the strong fullerene-metal interaction that 

manifests itself by an admixture of their orbitals and a charge transfer between these 

twO.3~ 

2.3.3 STM of Larger Fullerenes on Gold Foil 

Initially, when fullerenes were produced by the Kratschmer-Huffman technique, the 

large amount of insoluble material produced was thought to be useless clusters of 

graphitic material and was disposed of as waste. However, recently, several 

researchers48
.49 have investigated the properties of the post CW /C70 extract "waste" 

material and found a wealth of interesting clusters present. Most significantly, so-called 

giant fullerenes (Cn, n> 100) have been seen by mass spectroscopy. The reason giant 
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fullerenes are not extracted by standard toluene extraction is not clear, but they have 

been successfully extracted using high-boiling-point solvents, such as 1,2,3,5-

tetramethylbenzene. Although these high-boiling-point solvents are quite favorable in 

terms of solvating the giant fullerenes, they are hard to work with and difficult to remove 

without heating the sample under vacuum. These considerations led us to investigate 

toluene extractions at both high temperature and high pressure. The question naturally 

arose as to what shape these giant fullerene molecules take.50 

Recent experimental evidence suggests that larger fullerenes are tube-shaped. 

Transmission electron micrographs images of C60 crystals placed on a holey-carbon grid 

show patches of tubular structures roughly the size of CI20 molecules adjacent to areas 

covered by C60 molecules.51 However, doubts exist about the claim that these are larger 

fullerenes since the crystals contained only C60 and CiO within the resolution of the mass 

spectrometer. It has been suggested that possibly the fullerene tubes were formed during 

imaging by the high energy electron beam. Other tube-like structures were seen when 

imaging the negative electrode used in the C60 production. 52 Transmission electron 

microscopy (TEM) revealed that each needle comprised between 2 to 50 coaxial tubes of 

graphitic sheets. The needles ranged from 4-30 nm in diameter and were up to 1 J.Lm 

long. However, the micrographs presented did not show the ends of the tubes in order 

to verify that they were giant fullerenes with closed endcaps. 

While there has been experimental evidence that the canonical form of the giant 

fullerenes is tubular, theoretical evidence supports the spherical shape. Adams et al.33 

have performed quantum molecular dynamics simulations which predict the energy for 

fullerene balls and capsules. Briefly, they found that fullerene balls have lower energy 
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than capsules with the same number of carbon aloms and thal short, fat capsules have 

lower energy than long, thin capsules. I-!owevel', they also found that while capsules 

have higher energy than balls, they may be stable due to local minima in the energy vs. 

shape curve, Clearly, the issue was ul1l'esolved and Wt! undertook an investigation to 

definitively resolve the question of the shape of the giant fullerenes.so 

Sample Preparation 

The starting material was KH-carbon soot, which had as much Cm and C70 removed 

by standard ambient pressure extraction with toluene as possible. Five grams of the 

remaining soot was then placed in 12" lengths, 1/2" outer diameter stainless-steel thick

walll!d tubing, capped on the ends with stainless steel compression fittings. The 

pressure-bombs were filled to capacity to exclude as much air as possible with 

approximately 20 ml of toluene, Upon capping, the bombs were placed in a furnace and 

heated for 7 hours to temperatures ranging fl'Olll 230 to 350°C. After the bombs cooled, 

the fullerene enriched toluene material was filtered and washed with 0.5 liter of 

additional toluene. The resultant of washing was a dark brown solution that then was 

dried on a watch glass. After drying, the powder that remained was scraped up and 

repeatedly washed (at least three limes) with l!thyl ether or hexane to remove any 

remaining contaminants. The differences in yield as a function of temperature were 

small, although at temperatures near 350°C large amounts of hexane-soluble 

hydrocarbons were found, most likely due to solvent polymerization. At lower 

temperatures, this problem did not exist and the results presented here are from samples 

l!xtraded at temperatures near 230°C. The yield fmm a single extraction was consistently 
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Figure 2.14 Time-of-flight mass spectrum of fullerenes prepared by high-pressure 
bomb extraction of KH-carbon with toluene. 

15-20 mg, and thus the solubility of higher fullerenes was nearly 1 mg/ml. Finally, the 

cleaned powder was redissolved in toluene to facilitate application onto gold foil so that 

STM could be performed. The samples were also analyzed using mass spectroscopy, the 

results of which are shown in Fig. 2.14, giving evidence of the presence of larger 

fullerenes. 

Results and Discussion 

Small drops of toluene solution were applied to clean gold foil substrates. After 

drying, the samples were loaded into either an air or ultra-high vacuum (UHV) STM. 

Mechanically cut PtlIr tips were used at a variety of sample bias voltages and tunneling 

currents. The optimal tunneling current and sample bias voltage for the air STM were 
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0.2 nA and 300 mV while for the UHV STM they were 0.5 nA and 100 mY, respectively. 

The STM images show round structures with an assortment of sizes, which we interpret 

as fullerene molecules. Figure 2.15 is a representative STM image taken in air, showing 

several molecules ranging in size from small fullerenes, approximately the size of C60 to 

giant fullerene molecules such as the one pictured in the lower left hand corner which 

measures over 16 A in diameter. Furthermore, Fig. 2.16 displays four larger fullerenes 

aligned in a row with cross sections parallel and perpendicular to the molecules. From 

the cross section, we find that the periodicity results in a diameter of 12.8 A. Since the 

periodicity of the structure is expected to be uninfluenced by tip related effects, and 

because the molecules pack as van der Waals spheres, the nearest-neighbor spacing will 

be very close to the real size of the molecules. We can estimate the number of carbon 

atoms, N, in a fullerene molecule by using the simple scaling equation 

( 
D_D)2 

N.,.60 ~ (2.6) 

where Dc, the cage diameter of C60, equals 7.1 A, and Do is the cage diameter of C60 

subtracted from the van der Waals diameter of C60• The physical significance of Do is that 

it is roughly twice the thickness of the electron cloud that surrounds the molecule and 

is responsible for the van der Waals repulsion between nearest-neighbor molecules. 

Equation 2.6 assumes that this distance is roughly constant for all spherical fullerene 

molecules. Based on our STM work with buckyballs, we have measured Do to be 3.4 A. 

In Fig. 2.16, the fullerene diameter is measured to be 12.8 A, which corresponds to ClIO' 

while a 20 A ball, the largest seen in this study, implies a C330 molecule. Figure 2.16 also 

shows that the height of the molecules above the gold substrate is only 6 A, smaller than 



o 2 4 

Horizontal distance [nml 
Vertical distance [nml 
Angle [deg] 

6 

a b 
1.64 
0.10 
3.38 

1.17 
0.02 
1.13 

61 

1.6 

1.2 

0.8 

0.4 

8 

Figure 2.15 STM image taken in air of larger fullerenes deposited onto a gold foil 
surface. 
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Figure 2.16a STM image taken in air showing four large fullerenes aligned in a row with 
a cross section parallel to the molecules. 
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Figure 2.16b STM image taken in air showing four large fullerenes aligned in a row with 
a cross section perpendicular the molecules. 
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expected but consistent with previous C60 height measurements. Again, the height 

disparity may be due to a difference in the local density of states between the fullerenes 

and the gold substrate, which could cause the tip to approach the fullerene more closely 

than the substrate, in order to satisfy the requirements of the servo system. Figure 2.1"1 

shows how the fullerenes have moved after just a single scan, illustrating their mobility 

on gold as well as the effect the tip has on their position. 

The most significant result obtained from our STM imaging the larger fullerenes is 

that none of the fullerenes seen were tube-shaped. Everyone of the thousands of 

fullerene molecules inspected were spherical, or nearly spherical, in shape. This alone 

does not exclude the so-called buckytubes from being present in the soot as there may 

be other factors which prevent them from being seen in the images. One possible 

explanation for their absence is that they are present in the KH-carbon, but only the 

spheres are soluble and therefore present in the extraction. It is also possible that 

buckytubes are present but that the high pressures and temperatures used in the 

extraction cause a transformation to the spherical form. In either case, the mechanism 

would have to be extremely efficient, given the sample size of our analysis. We feel the 

most likely explanation for the absence of tubes in the images is that tubes do not form 

in the Kratschmer-Huffman technique, and that the lower energy spherical shape is 

preferred. 

2.4 Preparation of Single Crystal Gold Films 

An atomically smooth substrate is required for many STM studies, and for 

experiments performed in air, it is also important that the substrate be relatively inert. 
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Figure 2.17 STM image taken shortly after the image displayed in Fig. 2.16, showing 
how the buckyballs move under the influence of the tip. 
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These experiments include: (1) the study of adsorbed molecules or atoms as well as 

biological material;! (2) high resolution lithography and surface modification studies;53 

(3) surface electrochemistry.:'! Early STM work used graphite because it is stable in air, 

easy to obtain atomic images, has large tlat regions, and is relatively inexpensive. 

However, it was recently shown that, in the field of biological STM, images of clean 

graphite steps mimicked those expected seen of biological material, especially DNA.55 

This has raised questions about the origin of images using graphite as a substrate in 

many published articles and has forced researchers to find a more suitable substrate. 

Furthermore, graphite is hydrophobic and the adsorbed species often does not adhere 

well causing unstable imaging. To avoid these problems many researchers instead use 

single crystal metal substrates such as platinum, gold, or silver. They have the advantage 

of being reusable by sputtering and annealing in vacuum, but are relatively expensive. 

One increasingly popular alternative is to use thin gold films grown on mica. Gold has 

many of the same positive characteristics as graphite, including its inertness to air, 

excellent conductivity, and, under proper conditions, atomically resolvable surface. 

Previous to the advent of STM, hetero-epitaxy of gold on mica was studied by X-ray 

diffraction to discover the crystal structure of the gold film,56 but it was hard to quantify 

the size of the gold grains. Still, it was found that films grown on room-temperature 

muscovite mica substrates were polycrystalline, and raising the temperature of the 

substrate, textured films could be made. More recently, the gold/mica system was 

reexamined to relate substrate deposition temperature to grain size4
2.43 and gold crystallite 

orientation42 via STM as well as X-ray diffraction. Chidsey et al. found that the largest, 

tlattest grains were grown at the highest substrate temperature which they investigated, 
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300°C, though the 011} crystallites tended to have a larger in plane misalignment than 

those films grown at 225°C.42 Conversely, Putnam et al. found the largest crystallites 

were formed when the substrate was heated to 400-600°C with domain sizes approaching 

1 J.Lm2.H However, they did not characterize their samples by crystallite orientation and 

were not able to describe the extent of film texture. 

In order to grow our films, gold (99.999% pure, Johnson Matthey) was evaporated 

onto freshly cleaved mica in a diffusion pumped vacuum system at pressures of lD·7_10-6 

Torr. The mica samples were round disks 0.33" in diameter, O.OlD" thick, and were 

mounted to hollow metal cylinders with screws. The sample holder was then slid snugly 

into a pyrolytic boron nitride crucible that could heat the mica to several hundred 

degrees Celsius. The mica temperature was monitored with a K-type thermocouple that 

rested against the sample surface. Due to the poor conductivity of mica and the large 

thermal gradients that develop when heating it from behind,42 it was important to 

measure the substrate temperature at the surface to be deposited on. Finally, the 

thickness of the film was measured using a quartz crystal monitor placed directly beside 

and slightly in front of the heater unit. We estimate that the error in film thickness is 

only a few percent, due to calibration using Rutherford backscattering. 

2.4.1 Results and Discussion 

We have grown numerous thin gold films on mica at evaporation rates ( ... 0.1 A/s) 

that were an order of magnitude lower than those reported by Chidsey and 2-3 orders 

of magnitude lower than those quoted by Putnam. Our investigations show that even 

at these low deposition rates high quality films can be produced. Figure 2.18 is an image 
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Figure 2.18 STM image of a gold surface deposited on a mica substrate held at room 
temperature during deposition. 
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of a gold surface grown on a substrate held at room temperature revealing domains 

whose average area is only 10-3 J,Lm 2
• This result can be compared to Fig. 2.19 in which 

the substrate was heated to 320°C during deposition. As expected, the domains are 

much larger, approximately 0.25 J,Lm2
• Also, while those grown at room temperature 

have rounded tops, the samples grown at 320°C are flat on top. To further aid in 

producing flat surfaces, we found that annealing the sample for several hours after 

deposition helped substantially, presumably because the elevated temperatures increase 

surface mobility allowing atoms to migrate to lower energy positions. Lastly, Fig. 2.20 

shows an STM image of an atomically resolvable gold surface verifying that the surface 

grows along gold [111). The gold surface was scanned in air using mechanically cut 

Pt/Ir tip with a sample bias of 30 mV and a fairly large setpoint current of 5 nA. This 

agrees with previously obtained results lO that suggest that the gap resistance (bias 

voltage/setpoint current) must be less than approximately 108 MQ in order to obtain 

atomic resolution. These samples provide excellent substrates for a wide range of STM 

applications. 
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Figure 2.19 STM image of a gold surface deposited on a mica substrate held at 320°C 
during deposition. 
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Figure 2.20 STM image of a gold surface deposited on a mica substrate held at 320°C 
during deposition, showing that the gold grows along [111]. 
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Chapter 3 

Atomic Force Microscopy 

The previous chapter described scanning tunneling microscopy and some 

applications for which it is singularly suited. While STM has greatly benefitted surface 

science, it does have limitations, the most obvious being that it is capable of only imaging 

conductors. This limitation of STM is shared by many other surface analysis techniques, 

such as LEED and Auger spectroscopy, making surface investigations of many 

nonconductors difficult. With the invention of STM, many researchers realized the 

possibility of measuring interactions between a single atom, or cluster of atoms, and a 

probe local to that atom. The atomic force microscope, developed in 1986 by G. Binnig, 

C. Quate, and eh. Gerber,57 was the second important local probe microscope invented 

and is well suited for imaging conductors as well as nonconductors. In many instances 

atomic force microscopy supplies information that is complementary to STM, and in other 

cases, such as with nonconductors, it is unsurpassed at characterizing surfaces on an 

atomic scale. 

This chapter is organized much like the previous chapter. It begins with a brief 

description of atomic force microscopy (AFM), familiarizing the reader with AFM and 

some of the more popular designs. Following this is an analysis of the signal to noise 

ratio of the particular AFM we use, the optical beam deflection AFM. Then a theoretical 

description of the forces exerted by a surface on the tip is presented. The chapter 

concludes with an exposition of some experimental AFM results on multiple quantum 



well structures and a comparison to STM images taken on the same samples. 

3.1 Introduction to Atomic Force Microscopy 
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Atomic force microscopy is a technique to measure atomic forces and map surface 

topography through the force a surface exerts on the free end of a cantilever whose other 

end is fixed. Due to its vast potential, progress in atomic force microscopy has been 

remarkable and a variety of schemes to measure and map surface atomic forces have 

been devised.58 Unlike scanning tunneling microscopes, which universally share many 

common structural characteristics, there are a myriad of atomic force microscope designs, 

making it impossible for one single explanation to describe the physical characteristics 

of all atomic force microscopes. The discussion here will concentrate on the instrument 

used to take the data presented in this chapter, as well as those microscopes that are 

historically or conceptually significant. 

There are two types of atomic force microscopes, "static" and "dynamic"; in either 

case the basic schematics are nearly identical and are shown in Fig. 3.1. A cantilever with 

a sharp tip attached to its free end, as displayed in Fig. 3.2, is typically brought to within 

several angstroms from a surface. At this distance, forces due to individual surface 

atoms and molecules cause a measurable change in both the deflection (a static property 

of the lever) and the mechanical resonance frequency (a dynamic attribute of the lever) 

of the cantilever. Either one of these two properties, i.e. cantilever deflection or resonant 

frequency, is then measured by the sensor shown in Fig. 3.1, the output of which serves 

as the input to a negative feedback loop that controls the tip position. By holding the 

measured property of the lever constant, the tip will trace curves of constant tip-sample 
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Figure 3.1 General schematic of an atomic force microscope showing its constituent 
parts and not drawn to scale. Either Usensor or Uz are displayed, depending upon the 
mode of operation. 

force. An important difference between the AFM schematic depicted in Fig. 3.1 and the 

STM schematic discussed in the previous chapter is that here the sample is raster scanned 

and displaced in the z-direction, unlike STM, where the probe is scanned. This is a 

common feature to all atomic force microscopes except one, the so-called laser diode 

interferometer.59 While this may seem to be a minor point, it actually has important 

implications for what kinds of samples can be analyzed. Ideally one would prefer to 

scan the cantilever-sensor assembly, since it allows samples of any size and weight to be 

characterized, but this is not possible due to the large mass of the detection system used 

in many microscopes that makes scanning the probe unreliable. 

Dynamic atomic force microscopy involves vibrating a cantilever (or occasionally the 
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Figure 3.2 Scanning electron micrograph of a typical cantilever used in optical beam 
deflection AFM. The scale bar at the bottom of the upper image is 10 J-Lm, while in the 
lower image it is 1 J-Lm. 
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sample) at, or near, its resonant frequency and measuring the variations in either the 

resonant frequency or the vibrational amplitude of the cantilever using phase sensitive 

detection. These variations arise from atomic or electrostatic force gradients present 

above the sample surface. Dynamic AFM is strictly operated in the noncontact mode, 

since touching the surface causes the cantilever to stop vibrating. The change in resonant 

frequency can be understood from the equation of motion for the cantilever, modelled 

as a tip of mass In on a massless spring 

d2 z 
In- + k(z-z ) = F rf + FJ(t) , 

dt 2 "I 51/ 

(3.1) 

where k is the spring constant of the cantilever, F51I11" is the force exerted on the cantilever 

by the surface, Zrq is the undeflected position of the tip, and FJ is the sinusoidal driving 

force of the cantilever. Expanding F surf to first order in z produces 

CJF 
F = F + _I (z -z) , 

surf " CJz:. 
(3.2) 

where Zo is the equilibrium position about which the cantilever is vibrated. Substituting 

this into Eq. 3.1 leads to 

d
2
z ( CJF] In_- k--L (z-z)=F. 

d t 2 cJz -. 1 

(3.3) 

where, for convenience, k*z,,1' F", and FJ are absorbed into Fl. The resonant frequency of 

the cantilever, 00, is proportional to the square root of the effective spring constant, 

w~ J k - aF . 
CJz 

(3.4) 

From this we see that negative force gradients, which occur very near the surface, cause 
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the resonant frequency to rise, while positive force gradients, occurring farther from the 

surface, cause the resonant frequency to fall. This analysis suggests that by simply 

detecting the resonant frequency of the cantilever at each point on the surface, the 

derivative of the surface force can be mapped. It was shown that for forces that drop off 

slowly with distance above the surface, dynamic force microscopy is more sensitive than 

static force measurements.60 An example of this is magnetic force microscopy (MFM), 

about which more will be written in the following chapter which focuses on other types 

of scanning probe microscopies. Since the experimental results presented in this chapter 

were obtained exclusively with a static AFM, and since several good references already 

exist where information on dynamic AFM can be found,59,61,62 nothing more will be 

written about dynamic AFM and we will concentrate on static AFM, 

Static AFM has become the more popular choice in the AFM community due to its 

ease of operation, low noise, and sensitivity. As a cantilever is brought near a surface, 

the free end deflects due to either attractive van der Waals forces or repulsive exchange 

forces, depending on the tip to sample distance. To measure the force exerted on the tip, 

the cantilever detlection is monitored with one of several techniques. The method used 

in the first AFM57 utilized a tunneling tip placed directly behind the free end of the 

cantilever and within tunneling range, as shown in Fig. 3.3. Applying a potential 

difference between the tip and the conductive cantilever caused a tunneling current to 

flow. The current was fed into a negative feedback loop that kept the tunneling current 

constant by moving the tip in concert with the cantilever. Thus, by monitoring the z

piezo voltage on the STM tip, the cantilever deflection was accurately measured. The 

system worked, but was somewhat unreliable due to contamination on the cantilever, 
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Figure 3.3 Schematic of the first type of AFM, which used tunneling to detect the 
lever deflection. 

and soon thereafter a number of other techniques, primarily optical, were introduced to 

measure the cantilever deflection. 

Similar to STM, there are two modes of operation for AFM imaging: First, in height 

mode, the low- and high-frequency loop feedback gains of the control electronics are set 

just below the oscillation threshold so that the sensor signal remains quasi-static through 

adjustment of the vertical positioning of the sample. AFM height mode, which generates 

maps of constant atomic force, is analogous to STM height mode, as the displayed image 

is proportional to the z-piezo voltage (Uv in Fig. 3.1). Since the tip tracks contours of 

constant force, it is necessary to operate the AFM slowly enough to allow the feedback 

to respond to sudden changes in surface topography. The maximum scan rate is 
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typically no faster than approximately 20 lines/ sec, though for scans larger than several 

hundred nanometers even that may be too fast. In the second mode of operation, 

referred to as force mode, the low- and high-frequency feedback loop gains are lowered 

so that response of the z-piezo is kept slow and follows only large-scale features in the 

sample, such as tilt. In this mode, the displayed image, which is proportional to the 

sensor output signal (Uscnsor' in Fig. 3.1), is the force exerted on the tip. Invariably, one 

scans the tip faster than approximately 20 lines/ sec, so that the effects of low frequency 

noise are reduced. 

Static AFM can be operated in either the contact or the noncontact mode, depending 

on whether one desires to map repulsive or attractive forces. Many times when soft 

samples, such as biological material, are imaged, it is preferable to use noncontact 

microscopy because it tends to deform the sample less and give better resolution. 

Conversely, it is typically easier to image hard samples with high resolution using the 

contact mode. In this mode the AFM is much like a stylus profilometer, however it is 

much more sensitive and far less destructive than a conventional profilometer, exerting 

three orders of magnitude less force on the sample. 

3.1.1 Optical Beam Deflection AFM 

Currently, the most popular method for measuring the cantilever deflection is 

optical, using either interference between a reference beam and the light reflected from 

the cantilever or more commonly by optical beam deflection detection63 shown in 

Fig. 3.4. In this design, a laser beam is focused onto the back of a microfabricated 

cantilever that is mounted at an angle of approximately 800 with respect to the laser 



front view 
of detector 

ffi 

position 
sensitive 
dectector 

laser 
diode 

.......--~..........,""'-"-.... s amp Ie 

piezotube 

80 

Figure 3.4 Schematic of an optical beam deflection detection AFM. The light reflects 
off the lever and onto a split photodetector. The inset shows a head-on view of the 
detector. 

beam. Referring back to Fig. 3.2, the triangular-shaped cantilevers are flat, so that after 

being coated with gold they speculariy reflect the laser beam off a folding mirror and 

onto a split photodetector. The output of each half of the photodetector is sent into one 

arm of a differential amplifier, so that the resultant amplifier signal is proportional to the 

difference in power striking the two detectors. Using this method, cantilever deflections 

in the plane of incidence are accurately measured. One notable advantage of this design 

is that the measurement technique is insensitive to phase noise of the laser. 

As the cantilever bends, the angle that the tip deflects, 8, can be shown to be 

e = 1.5 z/l, where z is the tip movement perpendicular to the sample and I is the length 

of the cantilever.58 From simple geometric considerations, the position where the laser 



beam strikes the detector moves according to the equation 

&1 = 28s 

= 3 sz 
-[- , 
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(3.5) 

with s denoting the cantilever to detector distance. Equation 3.5 relates the vertical tip 

movement, z, to the travel of the spot on the detector, &1. 

What is crucially important is the sensitivity with which the beam walk is detected. 

If the spot on the tip is a Gaussian with a full width at half maximum (FWHM) of a, then 

the scalar diffraction theory relates the area of the spot on the detector as a gaussian of 

FWHM, d = sA/1Ul. Assuming that the beam is initially centered on the detectors and that 

the deflection, ad, is small, the power on each detector is, to a very good approximation 

p.' ~ (1 + ~), (3.6) 

and 

P, . !.: (1 _ bd) , (3.7) 
~ 2 d 

where P is the total power striking the detectors, and it is assumed that the laser spot 

striking the detector is a uniformly intense disk of diameter d. While this assumption is 

obviously incorrect, since we are illuminating with a gaussian beam, the error is "" 11: and 

is inconsequential to the final result. Subtracting Eq. 3.7 from Eq. 3.6 yields the output 

of the differential amplifier 

(3.8) 
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where od was substituted for from Eq. 3.5 and the power was converted into a current 

through the relation fli = ll(P, - P2)' II being the quantum efficiency of the detector. 

Finally, inserting siJna for d, yields 

(3.9) 

For convenience we substitute ~, referred to as the optical lever arm, for 3na/'AI, and note 

that increasing ~ raises the sensitivity of the system. Surprisingly, the AFM sensitivity 

is not a function of the cantilever to detector distance as might be expected, in view of 

the linear relation between the beam walk on the detector and s. However, this effect is 

negated by the fact that the beam waist is growing linearly with distance also, and 

therefore the total power deflected from one detector to the other, P, - P2, for differential 

changes in the cantilever angle is independent of s. For the AFM used in this work, 

typical parameters are a = 10 f..L, A = 0.6 f..L, and I = 200 f..L, resulting in ~ = 0.79 f..L.I. 

Assuming unit quantum efficiency and a 1.5 mW laser power striking the detector, the 

current output of the differential amplifier, in milliamperes, is approximately equal to the 

cantilever deflection in microns. Considering the ease of detecting currents changes on 

the order of 100 pA or less, it is evident that there is sufficient signal to measure atomic 

deflections of the cantilever, on the order of angstroms, though a realistic analysis of the 

amount of noise present must first be done before one can predict that reliable atomic 

scale images can be generated using optical beam deflection AFM. 

3.1.2 Noise Considerations 

There are several sources of noise in an AFM, including cantilever thermal noise, 
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laser noise, Johnson noise, and shot noise of the detectors. The relative contribution of 

each noise source is considered beginning with cantilever thermal noise. It can be shown 

that far below resonance the rms vibrational noise of a cantilever is64 

( , )'" J 4KTB Z;j(Ol«Ol) = __ , 
I QkOl 

o 

(3.10) 

while on resonance the rms noise is given by 

( 2( = ))'''. J 4QKTB z/J Ol Ol , 
I kOl 

o 

(3.11) 

where K is Boltzmann's constant, T is the temperature in Kelvin, B is the bandwidth of 

the detector, and Q, k, and Olo are the quality factor, spring constant and resonant 

frequency of the cantilever, respectively. Translating Eq. 3.11 into an rms current by 

substituting into Eq. 3.9 leads to 

(3.12) 

which predicts the amount of noise current from an optical beam deflection AFM due to 

thermal vibrations of the cantilever on resonance. To use these equations, we must first 

find the value of Q, Olol and the response of the photodiode to a known deflection. 

Experimentally, the spectral response of the photodiode was recorded with a 

Hewlett Packard 3588A Spectrum Analyzer, while a silicon nitride (SiN3) cantilever was 

allowed to freely vibrate in air, and is shown in Fig. 3.5. For the particular alignment 

used during the noise measurement, the sensitivity of the AFM was measured at 

17.6 nm/V, i.e. for a cantilever deflection of 17.6 nm the output of the differential 
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Figure 3.5 Spectral response of the photodetector with the laser beam reflecting a 
cantilever allowed to freely vibrate in air. 

amplifier changed by 1 V. Therefore, the tic mark at the 15.1 kHz resonance peak of 

Fig. 3.5, having an rms signal of 6.33 mY, corresponds to an rms vibrational amplitude 

of 1.1 A. The Q factor of a cantilever is defined as w/llw, where llw is the full width of 

the resonance curve at 0.707 of the peak 00,58 and is measured to be nearly 15. Finally, 

the resolution of the spectrum analyzer is 150 Hz, meaning that the signal at any point 

on the curve is actually the integrated signal over a 150 Hz bandwidth. 

Using this data, along with the spring constant of the particular cantilever used, 

which is quoted as 0.12 N / m (Digital Instruments, Inc.), the theoretical amplitude of the 

cantilever noise can be calculated both on and off resonance from Eq. 3.11 and Eq. 3.10, 

respectively. On resonance, the theoretical cantilever thermal noise level is 1.4 A rms in 
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a 150 Hz bandwidth, in good agreement with the measured value of 1.1 A. Far below 

resonance, theory predicts that the rms noise amplitude should be reduced by Q, which 

in this case is 15. However, the spectral plot shows a reduction of only about a factor 

of 5, suggesting that other sources of noise contribute significantly to the noise spectrun 

at lower frequencies. 

Comparing Fig. 3.5 with Fig. 3.6 and Fig. 3.7 reveals some interesting features. First, 

Fig. 3.6 shows the spectral response of the cantilever in a 40 kHz bandwidth when it is 

contacting the sample but not scanning. The resonance peak has disappeared, due to 

surface forces "freezing" the tip and preventing it from freely vibrating. It might be 

expected that this should cause the noise level to drop across the spectrum, including 

frequencies below 5 kHz, where noise is most detrimental to atomic force imaging. 

However, as Fig. 3.7 shows, this is not the case because of competing effects. The trace 

labelled A in Fig. 3.7 is the response of the cantilever in air, while that of trace B is the 

response while contacting the surface. First, the majority of the noise at low frequencies 

is due to the laser and is therefore affected only slightly when the tip contacts the 

surface. We know this because of noise measurements performed on the laser diode with 

the photodiode and without the lever. Second, as curve B shows, below approximately 

1 kHz, noise enters the cantilever through the sample, causing noise levels of at least 

several angstroms. 

Turning next to laser noise, which is typically quoted in terms of signal to noise 

ration, SIN, given in dB by65 
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(3.13) 

where the brackets indicate a time average of the noise OP and the mean power P. Since 

the current emitted by the detector is proportional to the power through the quantum 

efficiency, we can substitute <oi2>=112<OP!> and solve for the rms noise current, 

(3.14) 

A typical SIN for a multi mode diode laser is 90 dB,65 leading to a noise level of 47 nA for 

a unity quantum efficiency detector and a 1.5 mW laser. Other sources of noise, 

including Johnson noise and shot noise of the detector, are given by familiar equations 

and 

J(bi~'" = J 4KTB , 
R 

(3.15) 

(3.16) 

respectively, where R. is the impedance of the resistor across which the signal is measured 

and e is the electron charge. The total signal to noise ratio (SNR) far below resonance is 

the signal, Eq. 3.9, divided by the total rms noise, 

SNR= 
z 

= 
(O?) 11 

2 5IN(dB) 

4KTB 10--,r- 2eB 4KTB 
(3.17) 

--+ +--+ 
Qoo"" ~2 ~211p ~2112p: R 

Typical val ues for the parameters are R = 1 MQ, B = 10kHz, Q = 15, k = 0.12N I m, 

00
0 

= 15.1 kHz, T = 300K, SIN, = 90 dB, and ~ = 0.79 /-L.t. Inserting these values into 
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Eg. 3.17 reveals that the dominant sources of noise are laser noise and cantilever thermal 

noise, and yields an SNR = z(A)/O.86. Thus, if the cantilever were deflected by force 

variations at the surface due to atoms that cause deflections greater than 1 A, one might 

expect to be able to detect them with atomic force microscopy. That, in fact, is the case 

as height variations are at least 1 A. and atomic resolution is partially the reason for the 

tremendous usefulness of AFM. 

3.2 Atomic Resolution with AFM 

Atomic resolution has become a routine and demanded performance characteristic 

as AFM technology has progressed. Figure 3.8 is an unfiltered image, taken with an 

optical beam deflection AFM, of a mica surface in air, a standard by which atomic force 

microscopes are sometimes judged. The image, showing hexagonal packing with a 

nearest-neighbor spacing of approximately 5 A, contains many characteristics common 

in AFM imaging. First, there is an obvious bright ridge on the right hand side of the 

image that is due to a frictional effect that occurs when the tips begins to scan in that 

direction. Since the tip is raster scanned with a triangular waveform, it must come to a 

stop at each side of the scan region before it is accelerated in the opposite direction. 

When the tip stops, it momentarily sticks to the surface, forcing the cantilever to flex as 

the piezotube begins to move again, and causing the laser beam to deflect onto one of 

the photodiodes. This causes the bright stripe in the image, which only appears on one 

side of the photo because data is taken in only one scan direction. This effect can be 

greatly reduced when operating under fluids, such as water, that lessens the tip sample 

adhesion. Atomic scale images also tend to be noisier than comparable STM images, the 
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Figure 3.8 Unfiltered AFM image of the a mica surface in air showing the usual bright 
region on the right hand side. 
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reason being laser noise, which contributes signilk.IIlLly 10 Llll! Iota I noise spectrum as 

was discussed earlier. Fortunately, atomic images ill'l' spl'L'1I'll Ily peaked about the atomic 

spacing frequency and are easily Fourier filtel·ed. Figul'(' :1.9 ~\hows the results of such 

a filtering on an image of gold (111). The sudncl' vlt!W Imag(~ shows the familial' 

hexagonal lattice with a spacing of 2.7 A, compmed to till' ilccl'pted valueM of 2.88 A. 

It has been shown theoretically and experimentally thnt atomic imaging is possible, 

and, in fact, is routine in many cases. While AFM atomic scale images are typically 

noisier, they supply data that complements STM dntn, Whnt follows is a theoretical 

treatment of the forces present on the tip during scanning, with a comparison of their 

relative strengths, beginning with repulsive c.ltomk fOI'c('S, 

3.3 Theory 0 f Atomic Forces 

3.3.1 Repulsive Atomic Forces 

As the probe is lowered towards the surface, the lip initially is attracted to the 

surface, until at some distance from the surface wlwl't' lilt! surface force gradient is 

greater than the spring constant of the cantilevel', till' cilnlill'vt'l' snaps to the surface. At 

this point, pushing the tip into a rigid surface, such liS mien, hilS very little effect since 

the surface is incompressible. This repulsive fOl'ce uriS(!S fl'om till' t'xc1umge interactions 

between electrons. As atoms are brought togetlll'I', lIwir' wllvl'i'unclions overlap causing 

energy level shifts that raise the overall energy of lIw system ilnd causes the atoms to 

repel each other. Due to the short-range natul'\! of lIw force, it is difficult to 

experimentally quantify the functional dependence Iwtw('(!11 the I'l!pulsive force and the 

distance between the interacting bodies, though sevt'1'iI1 l!mpirical models have been 
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Figure 3.9 Filtered AFM image of the gold (111) surface in air showing the familiar 
hexagonally packed atoms. 
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proposed. Each model has the common trait of an extremely large negative slope near 

the origin. 

The first model introduced is commonly referred to as the hard-sphere potential and 

is described by the equation 

w(r) = (0/ r)", n=oo. (3.18) 

where a is the radius of the atom. For values of r > a, w(r) = 0, while for r < a, w(r) = 00. 

Thus, approaching atoms feel no repulsive force until they are closer than 20 from each 

other, at which point they exhibit infinite repulsion, much like idealized billiard balls. 

As simplistic as this model is, it is a fairly good approximation for many problems. The 

second potential is the exponential potential 

w(r) = C exp( -r/ a) , (3.19) 

where C and 0
0 

are adjustable parameters, with typically 0 0 "" 0.25 A.. This potential was 

used successfully by Slater67 in his description of diatomic molecules. The third 

repulsive potential has an inverse power law dependence given by 

(3.20) 

where C and 0
0 

are again adjustable parameters. The power law potential actually has 

little theoretical justification, although it is very popular due to mathematical 

convenience. The last two potentials are more often used than the first potential because 

they have some softness incorporated into them that allows slight compression of atoms. 

A common property of all three potentials is the rapidity with which they drop to zero. 

Due to this, it is only the outermost surface molecules which significantly contribute to 
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tip repulsion in atomic force microscopy. The particular repulsive model used often 

depends on the functional form of the attractive potential chosen for a particular 

problem. For instance, if a power law is used to describe the attractive force, then 

likewise a power law is chosen for the repulsive term. 

3.3.2 Attractive Atomic Forces 

If repulsive forces were the only forces present between molecules, bonding would 

be impossible. Therefore, attractive forces must playa critical role in the description of 

intermolecular interactions. They arise from many different sources, such as the 

Coulomb interaction between ions, the quantum mechanical nature of covalent bonding, 

and the ubiquitous dispersion forces. Though not as strong as ionic or covalent bonding 

forces, dispersion forces are very important when the former interactions are not present. 

Atomic force microscopy is an example where dispersion forces are significant, due to 

the unreactive nature of the tip. 

Dispersion forces, also known as London forces, arise from instantaneous quantum 

tluctuations in the dipole moment of atoms that polarize neighboring atoms and give rise 

to an interaction energy that decreases as the atoms or molecules approach each other. 

During the 1930's London solved for the interaction energy between two molecules or 

atoms using quantum mechanical perturbation theory.68 He found that the force 

between two identical molecules is strictly attractive and proportional to the inverse sixth 

power of their separation 

(3.21) 
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This force, along with the Keesom force (orientational force between two dipoles) and the 

Oebye force (force between a neutral atom or molecule and a dipole), which are typically 

weaker except in very polar molecules, and also have 111'" dependencies, together contrive 

what are commonly called van der Waals forces.69 Since surfaces scanned by AFM are 

predominantly nonpolar, we will focus on dispersion forces. 

While Eg. 3.21 accurately describes the interaction between two nonpolar molecules, 

it is not correct to describe interactions between macroscopic bodies by integrating 

between all atom pairs. This is because the dispersion force between several bodies are 

not pairwise additive. The interaction energy between two microscopic particles is 

affected by other nearby bodies through the polarization induced in the particles by those 

proximal bodies. For this reason, integrating over all atoms present in a region is not 

strictly valid, although it has been used with surprising success.69 To correctly calculate 

the force between macroscopic bodies, it is necessary to go to more general theories based 

on macroscopically measurable quantities, including the permittivity and the 

polarizability. McLachlan found a general theory of van der Waals interactions to be70 

(3.22) 

where U z and U2 are the polarizabilities of interacting and E./LVn) is the permittivity of the 

medium in which they are imbedded. The summation is over all the absorption lines of 

the interacting bodies and typically requires a knowledge of the atomic response across 

the spectrum, making Eq. 3.22 difficult to implement. McLachlan's equation, along with 

several other more recent and complex formalisms,71,n,73 treats the problem more 

rigorously than the presentation given here. However, Israelachvili and Tabor74 have 
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experimentally shown that for macroscopic bodies within 2-10 nanometers from each 

other, the functional dependence of dispersion forces, 11,.6, is identical to that found by 

London, McLachlan and others. 

Inherent in London's calculation is the instantaneous response of each body to the 

other's polarization fluctuations. This is a legitimate approximation for atoms separated 

by small distances; however, as the separation grows, retardation plays an increasingly 

important role.74 The distance at which retardation becomes a non-negligible effect is 

given by approximately c/(lOw), where w is the characteristic frequency of the dipole 

moment. Since ill is usually in the ultraviolet, retardation becomes significant at 

separations greater than approximately 10 nm and cause the dispersion energy to drop 

to zero faster than 11,.6, and closer to 11/.74 Since the concern here is primarily with 

bodies in or near contact, we assume strictly unretarded potentials and use the London 

relation with an experimentally found force constant, realizing that although it is not as 

exact as more rigorous theories, it still contains useful information about proximal tip

sample interactions. 

3.3.3 Interactions Between Macroscopic Bodies 

What is described above is an assortment of empirical and analytical force 

relationships found during the first half of this century.69 We are now going to use these 

relationships to compare the forces exerted between bodies of varying shapes and sizes. 

The potential to be investigated is the Lennard-Jones potential, 

(3.23) 
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Figure 3.10 Potential and force between two atoms as a function of separation. The 
potential is modelled by the Lennard-Jones potential. 

which combines the attractive van der Waals force with an empirical power law, 1/1.12, 

repulsive force. It is easily shown that the minimum energy is E and that it occurs at 

l' = 1.120. The force is simply F= -Vw(1'), or 

F(r) = 24~ ~(0]6 _ 2(0]12 P, 
l' ~ l' l' 

(3.24) 

where the unit vector ;. is directed between the atoms. The values of E and 0 are specific 

to the elements used; here we choose E = 2.37 meV and 0 = 3.41 kl, values for carbon.75 

Figure 3.10 shows the potential and force between two atoms as a function of separation. 

By analytically integrating the Lennard-Jones potential in cylindrical coordinates, it is 
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Figure 3.11 Potential and force between an atom and a semi-infinite solid as a 
function of the perpendicular distance from the surface. 

straightforward to find the interaction energy between an atom and a semi-infinite 

surface, resulting in the expressions for the energy and force, 

w(z) = - 2nedp [.2. - 2d .2.] , 
3 Z3 15 Z9 

(3.25) 

and 

F(z) :: -2nedP [.2. -W_1 ]z . 
Z4 5 z 10 

(3.26) 

respectively, as shown in Fig. 3.11. In Eq. 3.25 and Eq. 3.26, z is the distance from the 

atom to the surface and p is the density of the solid, chosen here to be 0.064 )..:3. Using 

the aforementioned values for e, 0, and p, along with z = 3 A, leads to a surface binding 
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Figure 3.12 Potential and force between an atom and a parabaloid as a function of the 
distance from the tip. The parabaloid was assumed to have a radius of curvature at 
its end of 200 A. 

energy on the order of a few 10's of meVs, or equivalently a couple of kJ/mole, typical 

for a physisorbed atom on a surface.76 A similar integration can be performed for the 

potential of an atom situated on the major axis of a parabolic tip. Integrating the 

Lennard-Jones potential over the tip of radius R leads to 

W(Z)"" 2rcdP[~(l_~]_ 2d(1_.2:.] 
3 Z3 2R 15z 9 8R 

(3.27) 

and 

(3.28) 
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Figure 3.13 Ratio of the force between an atom and a semi-infinite solid to the force 
between an atom and a parabaloidal tip with a radius of 200 A as a function of the 
atom-surface distance. 

Figure 3.12 displays the energy and force between an atom and a parabolic tip of radius 

200 A. The curves are very similar to those in Fig. 3.11, as expected, since the majority 

of the force exerted on the molecule comes from atoms within a radius of several 

nanometers. On the nanometer scale, an AFM tip looks very much like a semi-infinite 

plane. 

Figure 3.13 shows the ratio of the atom-surface force to the atom-tip force. Since the 

molecule does not show a strong tendency to adhere to the surface greater than the tip, 

one expects that the probe could easily push adsorbed molecules around as it scans over 

them. Following this logic, it should be very difficult to image physisorbed molecules 



100 

on surfaces. An example of this is the imaging of C60 on gold films and foils with AFM. 

Fullerene molecules do not form a strong bond with the surface and tend to move when 

imaged with scanning tunneling microscopy. Yet, it is still possible to image fullerenes 

with STM if low enough currents, usually less than one nanoampere, are used. Atomic 

force microscopy on C60 is much more difficult. There are several reports of successful 

AFM being performed on fullerenes,40.38.39 but in all cases the molecules have been 

stabilized by the presence of neighboring molecules. There are no reports of successful 

AFM imaging of isolated buckyballs, though several attempts were made to image 

isolated buckyballs under a wide range of conditions. 

Lastly, the total force between the tip and the sample surface can be found simply 

by integrating Eq. 3.26 over a parabaloid. Performing this integration leads to 

(3.29) 

and 

(3.30) 

where p is assumed to be identical for the tip and sample. The energy and force are 

plotted as a function of their separation in Fig. 3.14. Figures 3.10-3.12, and 3.14 are a 

family of curves for interactions between a range of bodies, from single atoms to semi-

infinite solids. 

During AFM, typically the deflection of the cantilever is measured while the 

instrument scans. Since the cantilever deflection is proportional to the applied force on 
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Figure 3.14 Potential and force between a parabaloidal tip with a radius of curvature 
of 200 A and a semi-infinite solid. 

the tip, and since the force on the tip is due to both atoms near as well as atoms more 

removed from the tip, it is not correct to infer that the force on the tip is due to the few 

atoms directly below the tip. It is not uncommon to hear researchers in the field of AFM 

quote the force applied to an atom or a cluster as simply the total force exerted on the 

surface. Comparing Figs. 3.11, 3.12 and 3.14, it is apparent that the bulk of the force 

exerted on the tip is due to atoms not directly below the tip. This is shown explicitly in 

Fig. 3.15, which is the ratio of the tip-sample force to tip-atom force. 

Since the greatest contribution to the force exerted on the tip is due to the full 

surface, it might be naively expected that the AFM resolution is approximately the size 

of the tip-sample interaction area. This is not the case however, since the force exerted 
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Figure 3.15 Ratio of the force between a parabaloidal tip and a semi-infinite solid to 
the force between a parabaloidal tip and an atom as a function of separation. 

on the tip by the surface represents a background DC level, while the force due to 

individual atoms near the tip represent an AC signal that rests on the DC background. 

It is this AC signal that is extracted from the feedback loop and displayed as the image. 

3.4 Oxidation Effects on Cleaved Multiple Quantum Well 

Surfaces in Air 

Up to this point, the chapter has dealt primarily with surface forces and how atomic 

force microscopy is implemented. This section diverges slightly and applies AFM and 

STM to the characterization of quantum well surfaces, describing typical images and the 

phenomena which give rise to them. The surfaces imaged provided an excellent 
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opportunity to compare AFM images with STM images taken on the same samples. 

Characterization of semiconducting surfaces is one of the most important 

applications for the emerging technologies of both STM and AFM. The electronic and 

structural properties of the surface on a nanometer scale affects the performance of a 

variety of devices employing metal semiconductor contacts. Partly for this reason, as 

well as for basic understanding of surface physics, published articles on semiconducting 

surfaces using STM number in the thousands. However, there has been a dearth of work 

reported with AFM. This is at least in part due to the relative insensitivity of AFM to 

the electronic states at the Fermi level. The goal of this work was to image 

semiconductor surfaces in air with AFM and compare the results with those obtained on 

similarly prepared samples scanned with STM. Using this method, we hoped to fully 

characterize the surface, and also obtain information about the relative merits of both 

methods pertaining to semiconducting surfaces in air. The sample used were 

InGaAslInP multiple quantum well structures obtained from H. Temkin of AT&T 

laboratories. 

Since the electronic properties of quantum confined structures are dependent upon 

their geometrical structure, it is important to be able to measure their geometry 

accurately and easily. This includes the thickness of the wells and barriers as well as 

their width uniformity along the cleaved facet. These measurements allow correlations 

to be made between the geometrical structure and the observed electronic properties of 

the sample. STM has demonstrated the capability of imaging quantum confined 

structures, although not much work has been done in air. Recent results by Osaka et 

al.71 showed the feasibility of using STM to image InGaAs/InP quantum well structures 
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in air. They presented high quality images of quantum wells with corrugations ranging 

between 0.2-20 nm.7B Furthermore, they found that the corrugation amplitude was an 

irreversible function of humidity and described how the images degraded during the 

scanning process.79 Conversely, we are aware of only one study done on quantum wells 

with AFM. In that work, done by Chalmers et al.80 with GaAsl AlAs tilted superlattices, 

the quantum wells were chemically processed with HCI to remove oxidation that grew 

preferentially on the barriers, thus leaving a surface with raised ridges where the wells 

resided. Once prepared, they were able to image the wells and gain information on the 

well lengths and spacings. However, their imaging success was largely due to the etch 

performed during sample preparation, and there have been no reports about successful 

atomic force microscopy imaging of quantum well samples prepared solely by cleaving. 

3.4.1 Sample Preparation 

The quantum wells scanned were InGaAs/InP heterostructures grown by 

metal organic chemical vapor deposition (MOCVD) on an InP substrate along the <001> 

direction. The structure consisted of four undoped InGaAs quantum wells separated by 

InP barriers and capped with a 100 nm thick InP layer. The samples, whose nominal 

quantum well period was 35 nm, were cleaved and mounted on copper shims with either 

cyanoacrylate glue or silver paint, depending on whether they were scanned with the 

AFM or STM, respectively. The samples were cleaved to expose the (110) crystal face, 

thereby facilitating cross sectional scanning of the heterostructure. They were then 

placed in a Nanoscope II STM or deflection-type AFM. Figure 3.16 is a schematic 

illustration of the experimental setup and the sample orientation. When operating the 
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Figure 3.16 Schematic diagram of the InGaAs/InP multiple quantum wells and the 
experimental setup for the STM and AFM measurements. 

STM, we typically used sample bias voltages of between -1.3 to -2.0 V, and setpoint 

currents of between 0.2-2.0 nA. The quantum wells, being within 100 nm from the top 

of the wafer, were located by placing the tip as close to the edge of the sample as 

possible using an optical microscope, and then alternately imaging the sample and slowly 

translating it until the sharp edge of the sample was within the scan range of the tip. We 

then zoomed to the region where the quantum wells were located. The process of 

cleaving, mounting and finding the wells took a minimum of a half hour. 

3.4.2 Results and Discussion 

Figures 3.17 shows high resolution cross-sectional images of the quantum well 

structures taken with the AFM and STM in height mode, Le., the cantilever deflection 
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Figure 3.17a Cross-sectional image of InGaAs/InP multiple quantum wells taken with 
STM at a tunneling current of 2.0 nA and a bias voltage of -1300 mY. 
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Figure 3.17b Cross-sectional image of InGaAs/InP multiple quantum wells taken with 
AFM showing a corrugation of about 5 A. 
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and tunneling current were kept constant, respectively. In both cases the wells appear 

to be high while the barriers are low. Note that the area outside of the quantum well 

stack is at approximately the same height as the barriers, suggesting that they are the 

same material. The STM images display a heterostructure period of 27.1±2.0 nm 

compared to the period of 28.6±1.9 nm measured with the AFM, the uncertainty due to 

a 7% calibration uncertainty of the piezotubes. The images look very similar though the 

STM shows a surface corrugation approximately 10 times larger than that seen by the 

AFM. 

Presently, it is not definitively known what causes the larger corrugation in the STM 

images or the contrast mechanism in the AFM images of the quantum wells. A possible 

cause of the corrugation observed in the STM images is the difference in local density of 

states between the wells and barriers?8 Since the local density of states near the Fermi 

level is greater in the InGaAs wells than in the InP barriers, one would expect that the 

conductivity of the wells would be higher and that the tip would retract as it encounters 

the wells to keep the tunneling current constant, and thus the individual weBs would be 

clearly resolved when imaged by STM. However, the corrugation in the images 

presented here is approximately 50 A, a height that is much too large to be explained 

exclusively by tunneling theory. Kato et al. have suggested that the large corrugation 

was caused by contamination on the surface preventing the tip-sample distance from 

changing as much as the z-piezo moved. Indeed, this effect was also suggested for 

anomalously low barrier height measurements on graphite in air.BI 

Figure 3.17b displays a cross-sectional view of the heterostructure taken with AFM 

and shows a corrugation of about 5 A, typical for the wells that we imaged. Because the 
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tip is sensitive to all of the electronic energy levels of the sample up to the Fermi level, 

and not just those at the Fermi level, it is obvious that the model proposed to describe 

the well contrast in the STM images is not applicable to AFM. In fact it is not clear as 

to whether the difference in electronic properties between the wells and barriers is 

sufficient for the wells to be visible with atomic force microscopy. We will explain the 

mechanisms for contrast in the AFM images later in this section. 

Previous STM studies report the height of the wells to be between 0.2-20 nm, 

dependent upon atmospheric conditions, particularly the relative humidity.i9 We also 

found that atmospheric conditions had an affect on the height of the wells, but not as 

much as the amount of time the sample was exposed to ambient conditions. Typically, 

the height of the wells above the barriers was approximately 1nm immediately after 

cleaving and rose to about 7-10 nm after 24 hours. Imaging was stable for at least 1 day, 

though the best images were obtained immediately after cleaving. After one day the 

quality of imaging had dropped enough so that the wells were not clearly visible and 

stable imaging of the heterostructure was not possible. To determine whether this 

degradation originated from the InGaAs or InP, we also imaged the substrate away from 

the heterostructure. Even after one month, it was still possible to reproducibly image the 

InP substrate, suggesting that the image quality degrades because of the InGaAs. An 

explanation may be due to oxidation of the InGaAs wells occurring to a greater extent 

than the oxidation of the InP barriers. It is known that GaAs and InAs oxidize at 

approximately twice the rate of InP,82 and that oxidation typically leads to imaging 

instability in STM. Evidence of this is presented in Fig. 3.18, which shows six 

consecutively scanned images at a sample bias voltage of -1.3 V and a setpoint current 
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Figure 3.18 Six consecutive topview images of the quantum wells taken with STM at a 
bias of -1.3V and a current of 2.0 nA. The elapsed time between the first and last image 
was 9 minutes. 
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of 1.3 nA. The first image shows sharp, high resolution contrast with a corrugation of 

approximately 6 nm. As the imaging progressed, the uniformity and clarity of the 

heterostructure decreased to the point at which in the last image, taken only nine minutes 

later, the quantum wells are barely discernible. There is very little correlation between 

the first and last images, suggesting that the imaging process is very destructive to the 

surface. We do not believe the images produced are due to contamination that collects 

on the tip, since moving the tip to a different area on the sample produced images 

comparable to the first one in Fig. 3.18. Also, while Fig. 3.18 reveals uneven image 

degradation, with the center appearing flatter than the edges, this is an anomaly; 

typically the surface degrades much more uniformly. 

Based on the corrugation of the AFM images, the surface modification in Fig. 3.18, 

and the anomalously large corrugation of the wells seen by STM, we propose that the 

primary cause of the high contrast between the quantum wells and barriers in both AFM 

and STM is not purely electronic; instead it is due to a poorly conducting oxide layer that 

grows thicker on the InGaAs wells than on the InP barriers or substrate. This geometric 

corrugation would explain the unusually large well heights seen with the STM as well 

as the ability of the AFM to image the heterostructure and resolve the quantum wells. 

As the tip scans across the wells it gradually pushes material into the barriers, thus 

producing images like those in Fig. 3.18, where the wells appear uneven and the barriers 

appear to be filling in with material. One would expect that if the corrugation was 

geometric in nature then the heights should appear the same with the STM as with the 

AFM. However, the height difference may be explained by the relative bluntness of the 

AFM tips. The AFM tips used, typically having radii of curvature of 500-1000 A, are 
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blunter than STM tips, which could lead to image convolution causing periodic features 

to appear more rounded. It is also possible that the STM images may be the result of 

mixed electroni2'8 and contaminationsl effects. 

Lastly, notice the difference in resolution between the STM and AFM images in 

Fig. 3.17. The STM images show the quantum wells with highly defined edges having 

a resolution better than 20 A. On the other hand, the AFM images show the quantum 

wells with more rounded edges. We estimate the resolution to be approximately 60 A. 

This is in part due to the AFM tips being blunter than the STM tips. It is also due to the 

longer range of the forces exerted on the AFM tip as compared to the areal extent of 

tunneling between the sample and STM tip. 

In summary, we have shown STM and AFM images of cleaved quantum wells in 

air. The AFM images are the first images presented of unetched quantum wells. The 

results show that both STM and AFM are viable methods to easily quantify the cross

sectional structure of quantum confined devices. We propose that the mechanism that 

causes the wells to appear raised above the barriers is an oxide layer that grows 

preferentially on InGaAs. Evidence for this is given in Fig. 3.18 which shows degradation 

of the images, suggesting that material is being moved by the tip from the well to barrier 

regions. Furthermore, directly comparing AFM and STM images shows that STM has 

superior resolution when imaging these types of structures. AFM may excel in undoped 

semiconducting structures that conduct very poorly, and may also provide better results 

when sharper tips become available. 



113 

Chapter 4 

Other Scanning Probe Microscopies: 

Sensing Magnetic Fields 

Scanning tunneling microscopy revolutionized many aspects of surface science and 

is now a vital tool in many research efforts. Equally important, however, are the other 

technologies that it spawned. The success of STM compelled researchers to try other 

probe techniques so as to obtain diverse information about surface properties. As 

previously discussed, the invention of atomic force microscopy followed the construction 

of the first STM by only four years. Since then, a number of other instruments have been 

built and tested, with some of the more popular being the near-field optical 

microscope(NSOM),83.M the ballistic electron emission microscope(BEEM),85 and the 

magnetic force microscope.86 A full enumeration of scanning probe techniques was 

given by Wickramasinghe' and numbered twenty three; an impressively large list for a 

field only a decade old. The common thread among all of these microscopes is that they 

all use a small tip that probes the surface in close proximity. This class of microscopy 

has come to be known as scanning probe microscopy (SPM). 

4.1 Introduction 

Besides STM and AFM, the most prevalent scanning probe microscope is the 

magnetic force microscope (MFM), which was developed in 1986 by Martin and 

Wickramasinghe.86 Shortly following their seminal work, a number of other magnetic 
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force microscopes were built, attesting to the need for a simple, easy to operate magnetic 

imaging microscope. As storage densities have risen in magnetic storage media, it has 

become more important to magnetically probe increasingly smaller domains. There are 

a number of other techniques currently available to image magnetic domains, such as 

scanning electron microscopy with polarization analysis (SEMPA), Lorentz microscopy, 

Kerr microscopy, and the Bitter technique, but all suffer from either insufficient 

resolution, extensive need for sample preparation, or low signal to noise ratio/)() Since 

magnetic force microscopy requires no special sample preparation, can be operated in air, 

and has a resolution limited only by the tip size and tip to sample distance, it is easy to 

see why MFM has been pursued so vigorously. 

Magnetic force microscopy is performed in either the contact or the non-contact 

mode, with the latter method being much more prevalent. An extensive discussion of 

the operation and theory of contact MFM will follow in the next section, so we will 

concentrate here on non-contact MFM. Non-contact MFM is generally performed with a 

magnetic probe held at least 10 nm above the surface, where atomic forces no longer 

dominate over magnetic forces. Paralleling AFM, there are two modes of non-contact 

MFM, "static" and "dynamic". Static MFM, which involves measuring the cantilever 

deflection due to its interaction with the magnetic domains of the sample, has the 

advantage of measuring the magnetic force directly. On the other hand, dynamic MFM, 

which involves driving the cantilever at, or near, its resonance and measuring changes 

in the resonant frequency or vibrational amplitude due to magnetic force gradients, has 

greater sensitivity.60 Even though dynamic MFM measures only the gradient of the 

magnetic field, it is more popular than static MFM, due to its enhanced sensitivity. 
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Optical detection techniques are used almost exclusively in MFM, although a few 

groups have measured magnetic force gradients based on the capacitance between the 

tip and a reference electrode.57 Since the cantilevers are made from fine wires, which 

specularly reflect very little light, the optical beam deflection detection scheme discussed 

in Chapter 3 is difficult to implement. Interferometry is the alternative method for 

optically measuring the vibrational amplitude or resonant frequency of the cantilever, 

and some techniques that have been successfully implemented include single beam 

homodyne,!I!! heterodyne,89 and optical feedback into a laser diode.59 Unfortunately, 

while interferometry is a very sensitive means for measuring the cantilever resonance, 

it is inherently more difficult than the optical beam deflection method, partly because it 

is subject to phase noise. For this reason, we have also tried several other techniques in 

performing magnetic force microscopy. 

Compared to atomic forces, magnetic forces drop off much slower as a function of 

distance from the sample.90 Because of this, the field interacts significantly with a larger 

region of the tip, making high-resolution magnetic tips difficult to manufacture. Early 

cantilevers were made from either etched magnetic wires or coated nonmagnetic wires 

that were bent at the end to form the tip. Maximum resolution was achieved with 

ferromagnetic wires that were etched to a cone angle of a few degrees.91 Another 

successful design used etched non-magnetic wires galvanically coated with a 

ferromagnetic material at the tip.92 These tips had the advantage of being fairly easy 

to make, but, as stated previously, had limited usefulness because of the small amount 

of light reflected off the back of them. Alternatively, microfabricated cantilevers had high 

reflectivities but could not be produced with the sharp tip cone angles needed to obtain 
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high resolution images. Only recently have researchers been able to produce sharp tips 

on microfabricated cantilevers.93 

This chapter contains a review of the magnetic force microscopy we have done in 

our laboratory. We have looked at a number of different samples, including both 

magnetic media (magnetic tape and hard disks) and magnetic recording devices 

(magnetic heads), using a wide variety of techniques. We will discuss some of the 

imaging techniques used and also describe the theory behind one novel magnetic 

imaging technique, the STM/SFM, that can actually be extended to image nonmagnetic 

materials. 

4.2 Basic Principles of Magnetic Force Microscopy 

The basic concept of MFM is to measure the stray magnetic fields that emanate from 

sample surfaces. As discussed above, this is done by positioning a magnetic probe above 

a sample and measuring either its deflection of change in resonant frequency due to the 

magnetic interaction between a ferromagnetic tip and a sample. By approximating the 

tip by a point dipole allows, the force exerted on the tips is simply the gradient of the 

interaction energy 

F = "il(m oH) , (4.1) 

where m is the magnetic moment of the tip and H is the stray field from the sample. 

Since tips typically are composed of many randomly oriented magnetic grains, the total 

force is found by integrating Eq. 4.1 over the whole tip60 

F= f"ilr[mt(r')oH(r + r')]dV' . 
dp 

(4.2) 

Equation 4.2 is very general and is the starting point of most MFM analysis. A 
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complication arises in Eq. 4.2 when is either the tip or sample is magnetically soft, i.e. the 

magnetization of the tip or sample is a function of the magnetic field it is in. However, 

most analyses ignore this and consider only magnetically hard materials. Since the tip 

is constrained to move in the direction perpendicular to the sample (defined as the z 

direction), we are concerned only with the gradient in the z direction, which leads to 

(4.3) 

A couple of worthwhile approximations to note are, first, when the tip is assumed to be 

a point dipole Eq. 4.3 simplifies to 

aH 
F = m --':'i, (4.4) : az 

and the tip probes the field along the orientation of the dipole. The second 

approximation is to model the tip as an infinitely long dipole along the z direction, with 

a dipole moment per unit length f. Schonenberger et al.~ showed that in this case the 

magnetic force is simply 

(4.5) 

and the force directly relates the z component of the stray field. This assumption is valid 

if the decay length of the field is much less than the length of the single dipole tip, and 

was verified in some MFM images.~ These two approximations are not valid for most 

tips; thus to model the tip response requires direct integration of Eq. 4.2. A wide range 

of MFM simulations have been performed with the tip modelled by different geometric 

structures, such as a sphere,95 a truncated pyramid,96 and a cube.97 Performing these 

simulations reproduce many of the features seen in MFM images, and although the 
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simulations reproduce many of the features seen in MFM images, and although the 

calculations require tip parameters, such as the cone angle and magnetic moment, that 

are difficult to obtain, agreement between theory and experiment are good enough to 

suggest that the basic principles of MFM are well understood. This concludes this section 

on magnetic interactions between the tip and sample. The next section addresses a 

specific magnetic force microscope, giving the theory of its operation followed by 

experimental results obtained with it. 

4.3 Theory of Operation of a Scanning Force Microscope/ 

Scanning Tunneling Microscope 

Recently, a novel and interesting technique was demonstrated for imaging magnetic 

domains.98
,99 It was actually a hybrid scanning tunneling microscope and scanning 

force microscope. While previous tunneling microscopes used very rigid tips, so that 

forces exerted on the tip had a negligible effect, Moreland and Rice employed flexible 

iron tips in their STM. This ferromagnetic tip responded very sensitively to surface 

forces, including magnetic forces, causing it to bend and thereby changing the tunneling 

current. Thus, by measuring variations in the tunneling current, they were able to map 

magnetic domains. They showed images of magnetic domains on computer hard disks 

as well as floppy disks using their unique force microscope, and even used the tip to 

change the magnetization state of the surface.99 The advantage of this technique, which 

will hereafter be referred to as STM/SFM, is that it does not require any optical cantilever 

monitoring and simplifies the experimental setup. This section provides a theoretical 

description of STM/SFM, describing in more detail its operation and the effects of 
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Figure 4.1 The geometry of an STM/SFM or an SFM system, where the tunneling 
current or the deflection of the cantilever are monitored, respectively. 

external fields on images. tOO Also, we will present some of our experimental results 

obtained using this technique. 101 

Consider the geometry of an STM/SFM shown in Fig. 4.1, where a piezotube, capable 

of scanning in the x, y, and z directions, supports a conducting cantilever which has a 

force-sensing, sharp conductive tip at its end. We denote the sample corrugation by 

g(x,y), the positions of the tip and the piezotube by z and u, respectively, and choose a 

cantilever whose spring constant (k ... 1 N / m), is much smaller than that of either the tip 

or sample ( ... 300 N / m). The STM/SFM, where a flexible tip replaces the rigid tip of a 

typical STM, has the advantage that the deformation due to tip-sample forces occurs only 

at the cantilever, while the tip and sample remain undeformed. There are two modes of 
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operation for this instrument which will be discussed. In the first mode, which we call 

STM/SFM, it is the tunneling current flowing between the tip and sample that is 

monitored and kept constant while the cantilever is allowed to deflect freely. The 

STM/SFM configuration does not require the deflection detector scheme shown on the 

right hand side of Fig. 4.1. Conversely, in the second mode of operation, the cantilever 

deflection is monitored optically in order to keep the deflection constant, while allowing 

the tip-sample gap distance to vary. We refer to this as the SFM mode. 

We now consider forces that are tip-sample gap,s, dependent. These forces can 

consist of atomic or molecular forces Flx,y, 5), electrostatic forces Flx,y,s), or 

magnetostatic forces Flx,y, 5). Assuming a one-dimensional scan in the x direction, we 

find that, in equilibrium, the total tip-sample force will be equal to the restoring force of 

the cantilever, 

3 

" F.(x, 5) = k[u - (z-z)J , L.J I 0 

(4.6) 
j-l 

where the summation is on the three forces, u is the position of the piezotube, Zo is the 

position of the cantilever in the absence of forces, and z - Zo is its deformation. 

Equation 4.6 in its differential form gives 

3 (aF.(x,s) aF.(x,s) 1 E I ds + I dx = k(du - dz) . 
i-I as ax 

(4.7) 

Equation 4.7 is a general result which can be used for both the STM/SFM or the SFM 

analysis. Concentrating first on the STM/SFM configuration, we insert dz ::: ds + dg(x) 

in Eq. 4.7 and obtain 
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3 [( c1f.(x,s) k] aF(x,S) 1 'E I +_ ds + I dx =k[du -dg(x)J . 
j_1 as 3 ax 

(4.8) 

Consider first the case where the sample has the same atom type across its surface, 

i.e. the barrier height is uniform, but the sample still has a corrugated topography. 

Under constant current conditions the tip-sample gap, s, must remain constant. Therefore 

ds = 0 in Eg. 4.8, and solving for the differential response of the piezotube along the z 

direction results in 

3 aF.(x,s) 
du = dg(x) + U E I dx , 

j-2 ax 
(4.9) 

where, u, which we call the amplification factor, is given by 

(4.10) 

We find, therefore, that the differential response of the piezotube, du, which is mapped 

in the image, still follows the topography, dg(x), but, in addition, there is an effect, due 

to x-dependent forces, that is greatly amplified if the cantilever spring constant, k, is 

small. 

Turning now to the case where the surface consists of different atoms that produce 

various barrier heights <j>(x) across the surface, and are positioned on a corrugated 

topography. The tunneling current at low bias voltage can be written approXimately as7 

V -ZK 4>'''s l(s,<j» = (_)e ' . 
R 

(4.11) 

Differentiating with respect to sand <j> yields 
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(4.12) 

and assuming constant current conditions, dI = 0, results in an equation that relates the 

change in barrier height to the change in gap distance, 

ds = _..:. dcp(x) . 
2 cp(x) 

Substituting this result into Eq. 4.8 produces 

_ . _ 1 [s dcp 3 (s d<j> aFj(x,s) aFi]] . 
du - dg(x) - -- + E -- dx. 

k 2¢l dx i_I 2¢l dx as ax 

(4.13) 

(4.14) 

In this case we find that in addition to the amplification of the x-dependent components 

of the forces, we get an amplification of the s-dependent forces multiplied by a factor 

s/2(dlncp/ dx). Figure 4.2 shows the expected theoretical enhancement of a nonuniform 

surface barrier height using the STM/SFM configuration. We model the force between 

the tip and sample by the exponentially decaying Morse force for convenience. Clearly, 

for dcp/dx = 0, Eq. 4.14 reduces to Eq. 4.9. 

Next, consider the SFM configuration, where negative feedback control keeps the 

cantilever deflection constant. Consequently, the right-hand side of Eq. 4.7 is zero, 

yielding 

~ (aF.(X,s) aF.(x,S)] 
L.J ' ds + ' dx = 0 . 
,_I ax ax 

(4.15) 

By substituting ds = du - dg(x) in Eq. 4.15, we get 
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Figure 4.2 Theoretical enhancement of images due to nonuniform barrier height. 
Here, k = 1 N 1m, <1>1 = 3 eV, and <1>2 = 4 eV. The curves apply to varying tip-sample 
gap distances, s. 

3 aF.(x,s) 
du =dg-exL ' dx, 

;_1 ax 
(4.16) 

with an amplification factor ex given by 

ex = (t aF;(x, 5»)-1 
,_I as 

(4.17) 

As in the previous case, the piezotube follows the topography g(x), but the effect of 

x-dependent forces will be amplified greatly only if the force derivatives with respect to 

s are small enough, regardless of the cantilever spring constant. Such a situation occurs 

in the case where the tip is far from the surface so that the van der Waals forces are 
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small. 

4.3.1 Discussion of STM/SFM and AFM Performance 

We now consider the performance of the STM/SFM. Equation 4.14 describes the 

movement of the piezotube when the STM/SFM is operated in the constant current 

mode. The first term on the right-hand side of Eq. 4.14 shows that regardless of other 

effects the piezotube will follow the surface topography, as is expected. The merit of this 

derivation lies in the second term of Eq. 4.14, which is proportional to 1/ k. Depending 

upon the spring constant of the tip, the size of the second term can be made as large as 

one wishes. If k is large, i.e. a rigid cantilever, a situation realized in standard STM, then 

the second term is small and the piezotube responds primarily to changes in surface 

topography. However, if the spring constant is small, then the second term dominates 

over the first and the image maps the change in force acting upon the tip. On a surface 

that has a uniform barrier height 4>, i.e. one that is homogeneous in the transverse 

direction, it is found that Eq. 4.14 reduces to Eq. 4.9 and the only terms that are enhanced 

are those due to external magnetic or electric fields. An example of this effect was first 

published by Moreland and Rice98 where magnetic domains on a hard disk appear as 

changes in surface height of STM/SFM images. Also, in the experimental section later 

in this chapter, we present images on magnetic hard disks as well as images of magnetic 

domains on digital audio tape. 101 In the presence of a nonuniform barrier height 4>(x), we 

also have to take into account the contribution of this nonuniformity to the response of 

the STM/SFM. For example, 4>(x) changes the tunneling current causing the piezotube 

to contract or expand, depending on whether <j> decreases or increases, respectively. 
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While this effect may seem small, the enhancement due to the small spring constant 

makes it non-negligible, as shown in Fig. 4.2. An unfortunate result of this is that 

contamination, which can be simplistically thought of as a local change in barrier height, 

causes large movements in the piezotube and make the images often appear very noisy. 

Therefore, it is important to work with clean tips and samples. 

Regarding the performance of the SFM, we consider the piezotube response as given 

by Eq. 4.16, from which we see that for forces that are constant along the surface, the 

images reflect the topography as one would expect. More interestingly though is that the 

response of the piezotube, in the presence of position dependent forces, is independent 

of the spring constant of the cantilever when the feedback maintains the cantilever at a 

fixed deflection. The amplification of the image instead depends on the tip-sample 

distance and the interaction force. Operating the tip in regions where the force acting on 

the tip is small, usually far away from the sample, results in an amplification of the 

laterally dependent forces, aF/ax. 

In conclusion, this section presented a theory that described the operation of scanning 

force microscopy in the contact force regime applicable to both STM/SFM and SFM 

contigurations. The former configuration, in particular, was shown to provide extra 

features that cannot be realized with a conventional STM. Among these features, we 

found that the resultant images showed a pronounced enhancement of position 

dependent forces and barrier heights. The next section provides an explanation of the 

experimental implementation of our STM/SFM setup and also presents data taken with 

the system. Finally, pictures of different magnetic media using other imaging techniques 

are presented and a description of the imaging system is given. 
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Figure 4.3 Front-view and side-view schematic of tips used for imaging magnetic 
fields. The triangular tips were typically cut 5 mm long from 5 J.Lm thick Ni foil. 

4.4 Experimental Results 

In conjunction with the theory presented above, we have imaged a wide range of 

magnetic storage media using the STM/SFM. 101 Beginning with a Nanoscope II STM 

setup, we implemented the STM/SFM by using specially made ferromagnetic tips. The 

schematic of a typical tip is shown in Fig. 4.3. The tips were made by cutting 5 micron 

thick nickel foil into isosceles triangles approximately 5 mm long with a 3 mm wide base. 

The base of the ferromagnetic tip was then fastened with silver paint onto a small razor 

blade that had been previously glued to a PtlIr STM wire to facilitate holding the tip 

structure in the STM head. Some of the nickel tips were also coated with gold to increase 

their conductivity. Figure 4.4 shows a top view image with a cross-section, generated by 
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Figure 4.4 Cross-sectional image taken with an STM/SFM of a hard disk showing both 
magnetic and topographic features. 
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scanning over a magnetic hard disk, showing two tracks with magnetic bits separated by 

5.7 jLm. The cross section reveals that the deflection of the cantilever is 54 nm, 

suggesting that for tips with spring constant of approximately 0.1 N / m, the maximum 

magnetic force is 5.4 nN. Careful examination of Fig. 4.4 also reveals the polishing marks 

in the hard disk. Note that in this example the roughness of these scratches is only about 

20-30 nm, less than the height of the magnetic features. This is an excellent example of 

STM/SFM imaging, showing both topographic and magnetic features. Finally, Fig. 4.5 

is an image of a floppy disk coated with gold showing magnetic domains separated by 

15 jLm. 

A second technique we used to image magnetic domains was a modified Bitter 

technique. Standard Bitter imaging is performed by spreading a thin layer of ferrofluid, 

i.e. a colloidal suspension of small ferromagnetic particles, on the surface of a magnetic 

sample. Due to the interaction between the particles and the magnetic field, the particles 

clump in regions of high magnetic field gradient. The clustered particles outline the 

magnetic features and are imaged using standard optical microscopy. Since the particle 

size is much smaller than a wavelength, the resolution is limited by the optical 

microscope. Yi, et aL tol have recently improved on this technique by replacing the optical 

microscope with an STM after the sample has been coated with a thin conducting layer 

of gold as shown in Fig. 4.6. 

The final technique we used to image magnetic fields involved using the 

commercially available Nanoscope II optical beam deflection force microscope. As stated 

in the introduction, the most prevalent magnetic force microscope uses a vibrating thin 

wire cantilever that is monitored interferometrically. Our goal was to use commercially 
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Figure 4.5 Topview image taken with an STM/SFM of a floppy disk showing magnetic 
features separated by 15 j.Lm. The surface of the floppy disk was coated with gold to 
facilitate tunneling. 
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Figure 4.6 STM image of digital audio tape (OAT) that was coated with ferrofluid and 
gold. The raised regions occur at areas of maximum magnetic field gradient where the 
ferromagnetic particles bunch. 
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Figure 4.7 Schematic of deflection detection MFM setup. The schematic is not drawn 
to scale as the tip is much larger than its actual size. 

available cantilevers and measure the magnetic tip-sample interaction with optical beam 

deflection. This marked the first time that a deflection force microscope was used for 

imaging magnetic fields. 

The basic concept of our experimental method was simple and the experimental 

setup is shown in Fig. 4.7. A ferromagnetic tip was brought close to, but not in contact 

with, the surface of a floppy disk head whose magnetization was modulated at 

approximately 1 kHz. The modulated magnetic interaction between the tip and sample 

caused the tip to vibrate at either the modulation frequency or twice that frequency, 

depending upon whether the tip was coated with a hard or soft ferromagnetic material, 

respectively. The tips in this work were coated with cobalt, a hard ferromagnetic 
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material, i.e. a material that requires a large magnetic field to reverse the magnetization. 

The tip was then scanned across the sample and the modulating deflection signal was 

fed into a lock-in amplifier (LIA), with the reference frequency at the modulation 

frequency, to recover the signal at the drive frequency. The output of the lock-in was 

then inputted to the Nanoscope II electronics and displayed on a monitor. Using this 

method, the amplitude of vibration was monitored as a function of tip position and the 

magnetic fields of the sample were mapped. 

One advantage of the vibrating cantilever technique was a reduction in the noise 

due to operation in the 10-20 kHz region. Our setup also took advantage of this, 

although not by directly vibrating the cantilever, but instead by modulating the magnetic 

disk head and monitoring the corresponding cantilever deflection at the drive frequency. 

This also provided the benefit of separating magnetic forces from other tip-sample forces. 

An unfortunate problem of this technique was that it was not possible to reliably 

do negative feedback on the lock-in output signal. The function of any scanning force 

microscope feedback circuit is to move the z-piezo along a path of constant force or 

constant height. In this case, that meant that the feedback would drive the piezotube so 

that the lock-in output signal remained fixed. However, when the tip was far from the 

magnetic poles of the floppy disk head, the field was zero and adjusting the tip-sample 

distance did not appreciably affect the signal. A possible alternative was to fix the 

setpoint at a very low signal, so that even when the tip was far from a magnetic pole, 

there might still be enough of an interaction for the setpoint condition to be satisfied. 

However, the problem with this idea was that when the tip was above a magnetic pole, 

the magnetic field was strong enough, and dropped off slowly enough, so that even 
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when fully retracted, the signal from the lock-in amplifier was greater than the setpoint. 

Since there was no feedback and it was necessary to operate in non-contact mode 

at a constant height above the surface, it was important to insure that the sample surface 

was not tilted with respect to the tip. Thus the tip-sample distance remained 

approximately constant and the strength of the long range forces remained uniform. This 

was accomplished by scanning over the surface in the repulsive mode, measuring the 

sample tilt, and slightly adjusting the angle of the sample to remove any tilt. After 

several iterations of this process, the sample was flat with respect to the tip to within 

approximately 1°. After leveling the sample, the tip was moved to within 50 nm of the 

sample surface using the stepper motor, and we began to scan the sample and image the 

fringing fields from the magnetic disk head. 

Figure 4.8 is a typical deflection detection AFM image of the gap of a floppy disk 

head, showing the magnetic poles on either side of the 2.1 j.Lm wide stripe. The stripe 

was formed by injecting plastic between the poles to keep them rigid and protected, and 

then polishing the surface and coating it with a thin nonconducting film. Note the 

polishing marks on the magnetic poles. Also, the plastic stripe protrudes approximately 

25 nm above the adjacent surface, suggesting that the plastic is harder than the magnetic 

poles. A magnetic image, taken at the edge of the floppy disk head, is shown in Fig. 4.9. 

The lateral distance from the 12%-88% points in the response curve of the magnetic field 

is nearly 3 j.Lm, greater than the expected 2.1 j.Lm distance between poles, bu t this is due 

to the large area of the tip coated with ferromagnetic material, which leads to convolution 

effects in the image. 

Since standard cantilevers are nonmagnetic, ferromagnetic material was deposited 
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Figure 4.8 AFM image of the gap region between the magnetic poles of a floppy disk 
head. The gap is the raised 2.1 /-Lm wide region and the magnetic poles are at either side. 
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Figure 4.9 Deflection detection MFM image with a cross section of the magnetic fields 
emanating from a floppy disk head. The lateral distance from the peak to the valley of 
the signal is nearly 3 jLm. 
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onto the tips in a controlled manner using a couple of different methods. First, thin 

cobalt films of either 400 A or 1000 A thickness were sputtered onto the cantilevers in a 

10.7 Torr vacuum. Though the thickness was well controlled, it was not possible to 

control the region of coating on the cantilever to insure that only the tip became coated. 

As a result, the underside of the cantilever was completely coated and became magnetic. 

This caused a loss of resolution in the images and also stressed the cantilevers, which 

made them stiff and forced them to bend. The best resolution obtained with these tips 

was approximately 8 J.Lm, unacceptably large for magnetic imaging. 

As an alternative to sputter coating, the tips were also galvanically coated with 

cobalt. A solution containing 313 g/liter of CoS04, 20 g/liter NaCl, and 25 g/liter boric 

acid was mixed thoroughly and a single drop was placed on a grounded razor blade. 

A negatively biased gold coated cantilever was then brought down to the drop using 

micropositioners so that only the end of the cantilever contacted the solution. After 

depositing for a few seconds, the tip was pulled out of the solution and imaged with an 

optical microscope. The smallest region of the tip that we were able to coat was 

approximately 4 J.Lm and this tip was used to produce the image of Fig. 4.9. Typically, 

the cantilever was coated with at least 10-20 /lm along its length. This was due to 

capillary forces pulling the solution up the cantilever when the tip contacted the drop. 

We could minimize the capillary action by using a very small drop, but were unable to 

counteract the effect to the extent that less than 4 J.Lm of the tip was coated. 

In summary, this section presented experimental results that we obtained with 

several different magnetic force microscopes, each with its own specific capabilities. The 

STM/SFM excels at imaging conductive magnetic media, where the magnetic signal is 
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variable, depending upon the spring constant of the cantilever. We also presented data 

using a modified Bitter technique, in which a ferrotluid was deposited onto digital audio 

tape, coated with gold, and imaged using a standard STM. Since the ferromagnetic 

particles gather on regions of high field gradient, the surface shows topography due to 

the uneven distribution of particles. Finally, we have used a standard optical beam 

deflection force microscope to image the modulated magnetic field of a floppy disk head. 

This marked the first time a optical beam deflection system has been used to image 

magnetic fields. 
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During the last decade, science has seen a revolution in microscopy with the advent 

of local probe microscopes that have enabled researchers to investigate a number of 

surface phenomena with unprecedented resolution. The exponential growth of local 

probe microscopy attests to the critical need to characterize surfaces on a nanometer, and 

even angstrom, scale. Investigating surfaces on these scales affords a better 

understanding of the nature of interactions present among atoms on the surface. This 

dissertation addresses some of these surface interactions using various scanning probe 

microscopes. 

Beginning with scanning tunneling microscopy, we reported on the imaging of a 

number of different surfaces, especially fullerenes deposited onto gold foil and gold (111) 

films. Imaging fullerene molecules was an ideal application of STM, since their physical 

properties are expected to depend on their shape, and they are much too small to be 

characterized by almost any other technique. Our work in air suggested that buckyballs 

are ... 1 nm diameter spheres, which pack hexagonally on gold surfaces, verifying 

theoretical as well as other experimental work. We also found that there is a significant 

interaction between a C60 molecule and the gold substrate that gave rise to internal 

features, either in a "ridge" or "bump" pattern, seen in STM images. In studying the 

gold/methyl isobutyl ketone (MIBK)/fullerene system, we found again that there were 

significant interactions between the buckyballs and the MIBK that produced internal 
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features, although these doughnut-shaped features were unlike those seen previously. 

In studying the gold/MIBK system alone, we found that MIBK forms an ordered 

overlayer, possibly caused by the STM tip, on the gold. This marked the first time that 

an ordered overlayer of a ketone was seen on gold and there is a variety of further 

investigations that can be done on this system. 

Atomic force microscopy is another important technology that we used for surface 

investigations. Beginning with a signal to noise ratio analysis of optical beam deflection 

AFM, we found that, theoretically, atomic resolution is a feasible and expected 

consequence of this system, in agreement with experiments showing that many 

conductors, as well as nonconductors, do provide atomically resolvable images of 

periodic structures. An investigation of the forces present during AFM suggested that 

there is an interplay of a number of competing surface forces. Specifically, we found that 

the total tip-sample force greatly exceeds the force exerted by the tip on the atom directly 

below it. We also found that for isolated atoms on surfaces, the dispersion force between 

the atom and the surface are almost equivalent to the dispersion force between the atom 

and the tip, implying that isolated, weakly bound molecules or atoms are difficult to 

image with AFM. Finally, experimental data taken with AFM on cleaved InGaAs/InP 

quantum wells showed corrugation with the wells appearing higher than the barriers. 

This data, in conjunction with STM data taken on the same system, suggested that 

oxidation of the surface gave rise to the corrugation observed. The images also showed 

that on quantum well heterostructures, STM images exhibited higher resolution. 

The final local probe microscopy reported on was magnetic force microscopy. We 

used a number of different systems to image magnetic fields emanating from both 
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magnetic recording media and recording heads. An analysis was presented of the so-

called STM/SFM, a hybrid STM and MFM, that allows simultaneous imaging of magnetic 

forces and topography. The response of the system to magnetic fields can be altered by 

adjusting the spring constant of the cantilever used. In tandem with the theoretical work, 

we also characterized magnetic media with this technique. Images of hard disk heads 

as well as floppy disks were presented, showing both topographic and magnetic bit 

features. A second imaging method described was a modified Bitter technique, in which 

ferrofluid is spin-coated onto a magnetic surface, coated with gold, and imaged with 

STM. Because the ferromagnetic particles clump in regions of high field gradient, STM 

images show these regions as hills. Finally, employing an optical beam deflection force 

microscope, we imaged the magnetic field emanating from a floppy disk head by 

modulating the head and using lock-in detection to detect the vibrational amplitude of 

the tip. 

As mentioned above, further investigation is needed on the gold/methyl isobutyl 

ketone system, preferably in a clean vacuum environment, where controlled amounts of 

MlBK can be applied to the gold. Since our facilities include a ultra-high vacuum STM, 

the complete experiment can be carried out without the sample being exposed to ambient 

conditions. Also, there are a myriad of experiments on fullerenes that can be performed. 

Chemistry involving Cro is just beginning now that macroscopic amounts are available, 

and STM may be in ideal probe to characterize many Cro complexes. Also, if larger 

fullerenes can be efficiently separated from each other to produce samples of identical 

mass fullerenes, then experiments done on Cro can be repeated on the larger fullerenes. 

From these experiments, important comparisons to previous work can be made, including 
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the packing structure, size, and internal features observed. Other future work includes 

the extension of AFM and STM characterization of cleaved quantum well structures to 

vacuum enabling a more complete study of the effect of oxidation on quantum well 

surfaces. Also, the effects of illumination on local conductivity can be probed in vacuum. 

Finally, now that sharper, longer tips are available, AFM resolution on quantum well 

surfaces should improve and may become comparable to STM resolution. These longer 

tips could also be coated with a magnetic material and used in the optical beam 

deflection MFM, providing improved resolution of magnetic disk heads. 
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