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Abstract:

The Atomic Force Microscope (AFM) is an important instrument measuring surface topography and
related phenomena; and can study nanometer-scale surface interactions. Surface interactions in ambient
air are complicated by surface contamination layers, which do not occur in vacuum or liquid
environments. This thesis studies nanometer scale surface interactions, in ambient air, using AFM’s
high force sensing capability. Several experimental methods were developed and new insights into
surface interactions at nanometer scale were obtained. Substantial improvement was made on the
lateral resolution of AFM operation in air.

To position the force sensing tip over a specific nanometer scale area, a novel instrument combining
AFM and Scanning Electron Microscopy (SEM) was designed, built and commissioned. The system is
capable of analyzing AFM tip conditions, in order to study the effects of tip/surface contact. An
essentially new method, which monitors the dynamic sensor signal and its fluctuation while changing
the tip-sample gap, was developed for vibrating cantilever studies. Sometimes, an electrostatic force
occurs in surface contamination, which can be measured with scanning Kelvin probe force microscopy
(KFM); this made it possible to develop a technique for probing surface contamination electrical
properties.

A capillary force is associated with the contamination layer. Both capillary force magnitude and layer
thickness were measured by fitting the approach curve with the capillary force theoretical model.
Studying capillary force with cantilevers of differing spring constants, we demonstrated that capillary
force can be balanced by a cantilever having a sufficiently large spring constant. With KFM, the
contamination layer was found to contain a charge distribution that changes with time. A model is
proposed, showing that the surface contamination layer contains a molecular layer bonded tightly to the
sample surface. With KFM, dopant concentration was measured on an MBE-grown semiinsulating
sample cross-section, and electrical potential scan edge effect was observed. Systematically studying
tip-sample contact, two types of contact processes were identified: jump-to-contact and
ramp-to-contact, and the conditions under which they occur. A new spatial region (near-contact
region), minimizing tip-sample gap without tip-sample contact, was discovered. Operating in the
near-contact region is the optimal operating mode of a vibrating cantilever AFM.
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ABSTRACT

The Atomic Force Microscope (AFM) is an important instrument measuring surface topogra-
phy and related phenomena; and can study nanometer-scale surface interactions. Surface interac-
tions in ambient air are complicated by surface contamination layers, which do not occur in vac-
uum or liquid environments. This thesis studies nanometer scale surface interactions, in ambient
air, using AFM’s high force sensing capability. Several experimental methods were developed and
new insights into surface interactions at nanometer scale were obtained. Substantial improvement
was made on the lateral resolution of AFM operation in air.

To position the force sensing tip over a specific nanometer scale area, a novel instrument
combining AFM and Scanning Electron Microscopy (SEM) was designed, built and commissioned.
The system is capable of analyzing AFM tip conditions, in order to study the effects of tip/surface
contact. An essentially new method, which monitors the dynamic sensor signal and its fluctuation
while changing the tip-sample gap, was developed for vibrating cantilever studies. Sometimes, an
electrostatic force occurs in surface contamination, which can be measured with scanning Kelvin-
probe force microscopy (KFM); this made it possible to develop a technique for probing surface
contamination electrical properties.

A capillary force is associated with the contamination layer. Both capillary force magnitude
and layer thickness were measured by fitting the approach curve with the capillary force theoretical
model. Studying capillary force with cantilevers of differing spring constants, we demonstrated that
capillary force can be balanced by a cantilever having a sufficiently large spring constant. With
KFM, the contamination layer was found to contain a charge distribution that changes with time. A
model is proposed, showing that the surface contamination layer contains a molecular layer bonded
tightly to the sample surface. With KFM, dopant concentration was measured on an MBE-grown
semiinsulating sample cross-section, and electrical potential scan edge effect was observed. Sys-
tematically studying tip-sample contact, two types of contact processes were identified: jump-to-
contact and ramp-to-contact, and the conditions under which they occur. A new spatial region
(near-contact region), minimizing tip-sample gap without tip-sample contact, was discovered. Op-
erating in the near-contact region is the optimal operating mode of a vibrating cantilever AFM.
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CHAPTER 1

. INTRODUCTION

Atomic Force Microscopy (AFM) is a new form of microscopy for imaging surface topogra-
phy in the nanometer scale. The method was first introduced by IBM and Stanford scientists in
1986,' where they demonstrated the proof-of-concept and the outline of the various operation
modes. Considerable effort was made in the development and application of this kind of instru-
ment. Perhaps the first method commonly used was to drag the tib across the surface and measure
the deflection of the tip mounted on the end of a cantilever.” Although significant success was
achieved with this method,> * it can result in significant tip and/or sample damage.’ To obtain non-
destructive measurements, tip-sample contact needed to be minimized, which was accomplished by
using vibrating cantilever methods.®

To understand the mechanism of the microscopy techniques, one should study the tip-sample
interaction, which is influenced by the environment. For air operation, the interaction is compli-
cated by the existence of surface contamination. The commonly used technique to study tip-sample
interaction is to measure the dependence of the cantilever force on the tip-sample gap.” As fre-
quently observed 1n loading curves measured in air, the tip can be pulled into contact with the
sample by the sample’s surface and its contamination. This jump-to-contact behavior results in tip
and/or sample damage.

Two major operating modes were developed for the vibrating cantilever AFM. These old
modes presented a number of problems when operating in ambient air. In the traditional non-

contact mode.° the existence of surface contamination layer results in-a large tip-sample gap, which




limits AFM’s lateral resolution. In MiCroscopy, laterai resolution generally means the smallest
feature that can be resolved by a microscope. When the tip is brought into the contamination layer,
the capillary force between the tip and the sample can capture the tip to the sample surface, which
stops the vibration of the cantilever. In the “tappin‘g”’mode8 proposed later, the cantilever is set to

vibrate at much larger amplitudes (> 20 nm), which results in periodic contact between the tip and

the sample. Such physical contact, although it can be very light, damages the tip and/or sample .

when operating in air, and limits the lateral resolution.

The objective of this thesis is to understand the physics of nanometer scale surface interaction
with the presence of surface contamination layers, and to understand the working mechanism of
vibrating cantilever mode AFM to optimize imaging resolution. The results of this thesis research
can be summarized in five areas. The first is the development of new experimental apparatus and
methods. The second is the understanding of the surface contamination layers in ambient air. The
third is the understanding of the capillary force due to the surface contamination at nanometer
scale. The fourth is the study of surface electrical potential at nanometer scale. The fifth is the un-
derstanding of surface contact at nanometer jcale in ambient air. The observation and discoveries
on the physics of nanometer scale tip-sample interaction in ambient air leads to new insights on the
working mechanism of vibrating cantilever AFM, and the development of a new operating mode
for the vibrating cantilever AFM in air.

To study the nanometer scale surface interaction, we developed a number of new experimental
techniques during the course of this thesis work. To precisely position the force sensing tip over a
speciﬁé nanometer scale area, we built the first instrument that combines AFM and scanning~ elec-
tron microscopy (SEM). This system is also capable of analyzing the conditions of the force-
sensing tip for studying the effects of tip-surface interactions. To permit proper comparison be-

tween conventional loading curve measurements and theoretical models of surface interactions, an

analysis method for removing the effect of cantilever deflection for the loading curves was used. A




novel method was demonstrated for studying the interaction between a vibrating tip and a surface,
in which the dynamic sensor signal and its fluctuations are monitored while changing the gap be-
tween the tip and the surface. To study the surface electrostatic interaction, a scanning Kelvin-
probe force microscopy (KFM) system was built as an addition to the vibrating cantilever AFM.
We developed a new method that can detect the surface contamination layer by monitoring the time
dependence of the KFM signal.

It is generally acknowledged that a “contamination” layer exists on the surface of a sample in
ambient air.® However, the nature of this contamination layer is not well understood. In this thesis,
the thickness of the contamination layer was measured for the first time by comparing the loading
curves measured in air and in vacuum and fitting’ tﬁe approach curve in air with the theoretical
model of capillary force. By comparing the loading curves measured in air and under vacuum, we
found that the contamination layer is a major factor contributing to the fluctuation of loading curve
measurements. With the KFM, we found that the contamination layer contains a space charge
distribution that varies with time, which confirms the liquid-like property of the contamination. We
proposed a structural model of the surface contamination layer that consists of a molecular layer
that is bonded tightly t.o the sample surface. This model explains our observations of various sur-
face interactions at nanometer scale.

It is generally acknowledged that when a tip and a surface make contact in the presence of
contamination layers, a capillary force exists between the tip and the surface.'” The magnitude of
the capillary force between a nanometer sized tip and a surface coated with contamination layers is
not well understood. It was believed that an AFM cantilever could not overcome the capillary force
and would be captured to the surface when the tip-sample gap is less than a few nanometers. In this
thesis, we measure the magnitude of the capillary force by fitting the theoretical model of capillary
interaction to the loading curves that we measured. By studying the capillary force with cantilevers

of different spring constants, we demonstrate that the capillary force can be balanced by cantilevers

having adequately large spring constants.




Using KFM, the tirr}e dependence of the electrostatic interaction after a step change of the bias
voltage was investigated. The process of redistribution of surface charge was observed. The sur-
face electrical potential on a cross section of an MBE grown semi-insulating sample was measured
and fitted with a theoretical model to obtain the dopant concentration. The unique edge-effect phe-
nomenon of electrical potential was observed at the edge of the cross-section of an MBE prepared
sample. ‘

It is generally acknowledged that the tip and/or sample may sustain damage when they are
brought into contact. However, the physics of nanometer scale surface contact in the presence of
surface contamination layers, and the mechanism of surface damage are not well understood. With
the combined AFM/SEM system, we found three types of nanometer scale tip damage. We also
observed, for the first time, the sample damage due to minimal contact when the sample is scanned
with large-amplitude vibrating cantiiever AFM in ambient air. Two types of contact processes
were identified: jump-to-contact (JTC) and ramp-to-contact (RTC). We established the conditions
in which JTC and RTC occur. We then discovered a very narrow spatial region at close proximity
to the surfaces, designated as the “near-contact region”, where the tip-sample gap is minimized and
physical contact between tip and sample does not occur. Maintaining an AFM tip in the near-
contact region is critical for obtaining maximum lateral resolution in AFM images. We established
the optimal parameters in vibrating cantilever modes for making high resolution AFM topographic
images.

The suggestion of completing this Ph.D. thesis research at TopoMetrix was initiated by Dr.
P. West in early 1992 and approved by the Graduate Committee in February 1992-. The design of
the first version of the combined PPM/SEM instrument béga,q on January 1993. The design of .the
final version was completed on August of 1993 and was granted a United States Patent on October
1995."" Most of the experimental work was done in 1994 and the first half of 1995. Some of the

results were presented at the 1995 APS March Meeting, and a paper was submitted to Scanning




for publication on September of 1995 and published in August 1996.'2 The writing of this thesis
began in the late summer of 1995 and was severely interrupted by the decease of my daughter, Re-
becca, at the end of 1995. The review of the thesis by the advisors began on August of 1996, and
the defense was on March 7, 1996. In addition to the academic results, this thesis research also
generates three major results of interest to the PPM industry. It resulted in the world’s first and still
the only commercial SPM instrument combined with a SEM, the first commercial scanning electri-
cal potential microscopy, and a new working mode, near-contact mode, for vibrating cantilever
AFM.

Most of the work in this thesis was done by the author alone, including the design and con-
struction of the instrument, planning and set-up of the experiments, processing and analysis of
data, and development of theoretical models and analysis. During’the course of this thesis work,
direct assistance was given by a number of people. Dr. Paul West initiated the original concept of a
combined AFM/SEM instrument and provided the name, Near Contact, to our new AFM operating
mode. Mr. Marc Schuman designed the electronics for the double-feedback-loop system. Mr. E.
Hazaki of Hitachi Scientific Instrument provided the first evidence of the laser-heating problem in
the combined PPM/SEM instrument, which was later corrected by the author’s modification of the
design. Fabrication of the KFM standard sample was arranged by Dr. P. Chiang. The MBE-grown
multilayer GaAs sample was specially grown by Dr. H.-S. Wu for this thesis.

The writing of this thesis has been a significant learning process in my career. I leamed how
to communicate professional knowledge with people who come from different backgrounds, and
acquired the skills associated with drawing conclusions from vast amounts of data, ideas, and con-
jectures.

Since PPM is a relatively new area of scientific study, a large number of new concepts may be
encountered by the reader. The layout of this thesis is presented in such a way as to help the reader

understand the body of the thesis work. Chapter 2, Historical Review, presents the history of pre-
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vious‘developments in PPM related areas. It also introduces .a number of important concepts that
will be used in discussion of the following chapters. Chapter 3, Theoretical Analysis, presents the
theoreétical analysis of various subjects related to this thesis work. It focuses on the discussion of
nanometer scale tip-sample interaction. Chapter 4, Experimental Apparatus, describes the instru-
ments and experimental methods used in this thesis work. Chapter 5, Studies of AFM Loading
Curves, discusses the experiments and results on the study of the nanometer surface interaction
with .a DC method (loading curve measuremént), Chapter 6, Studies of Vibrating Cantilever Mode
(VCM), discusses the experiments and results on the study of the nanometer surface interaction
with an AC method (vibrating cantilever). It also presents a theoretical model that explains the
nanometer scale tip-sample interaction in air and the ;avorking mechanism of VCM, and the new
operation mode that maximizes lateral resolution for AFM in air. Chapter 7, Imaging Surface
Electrical Potential, deals with the experiments with KFM. Chapter 8, Conclusion, presents the
summary of the observations and discoveries of the physics of nanometer scale surface interaction

in air and the working mechanism of AFM, and the development of experimental techniques that

resulted from this thesis research.




‘CHAPTER 2
HISTORICAL REVIEW
Introduction

Using a material probe to detect a surface by touching it to the specimen is a natural concept.
For instruments that measure surface topography, a material stylus maintained at close prox:lmity
to the sample surface is used to perform the measurement. For many years, surface profilers with a
stylus tip have been used to measure the surface profile.”® The topografiner,™ invented in 1972,
was the first surface profiler that achieved sub-micrometer lateral resolution. It was the first in-
strument using piezoelectric ceramics to scan the tip across the surface, and it achieved one
nanometer vertical resolution with a feedback system. About ten years later, a breakthrough was
made by G. Binning and H. Rohr". They demonstrated that the atomic structure on surfaces could
be imaged using quantum tunneling between a sharp metal tip and the sample. This work opened
the door to using material probes as a microscopy tool. They called their new instrument the
Scanning Tunneling Microscope (STM).

Although it is powerful enough to image surface atoms, the STM has a sig;niﬁcant shortcom-
ing. Since the electron tunneling effect is used in an STM to detect the sample surface, it reqﬁires
the sample to have some conductivity. However, a large portion of the material world is non-
conducting, which substantially limits the application of the STM. To image the topography of
non-conducting materials, a tip-sample interaction independent of éample conductivity must be
used. The interaction forces that exist between a tip and any solid sample are. ’sﬁBstantially large

when the tip is brought to within a few nanometers of the sample surface. These forces exist inde-




pendently of the electrical conductivity of the sample. Therefore, a force sensor that detects these
forces can be used to sense the proximity of any sample surface. In 1985, a high-sensitivity force
sensor was developed based on an STM. With this force-sensing technique, the first atomic force
microscope (AFM) was invented.'

The STM, AFM, and all the related technologies that use a material probe to perform micro-
scopic imaging at close proximity of a sample surface have been grouped into the term scanning
probe microscopy (SPM). Recently, a new term, Proximal Probe Microscopy'® (PPM), has been
used. This new term is more appropriate in distinguishing solid material probes from particle
probes, such as electron probes and ion probes. The word “proximal” emphasizes that our scan-
ning probes are operating in the near-field'” condition.

Each PPM involves a physical property that strongly depends on the spacing between the tip
and the sample, and a sensing system built to detect this physical property. The tip-sample gap is
controlled by a piezoelectric actuator, and this spacing can be maintained by feedback electronics
that receives the input signal from the sensing system and controls the piezoelectric actuator. Be-
cause this piezoelectric actuator moves the probe perpendicular to the sample, it is commonly
called the Z piezo. When the tip-sample gap is maintained constant by the feedback electronics, we
say the PPM system is in topographic feedback (or in feedback as the abbreviation), and call the
system a fopographic feec\iback loop. While the tip-sample gap is maintained constant, that is,
when the PPM is in feedback, the surface topography can be obtained from the displacement of the
Z piezo, which is a function of the voltage applied to the piezé. A piezoelectric XY scanner (also
called XY piezo) is another important component ‘of PPM, which scans the tip across the sa{mple
surface while the Z piezo voltage is being recorded. The spatial distribution of the recorded Z piezo
voltage can be used to generate an image representing the topography of the sample being meas-
ured, which is also called fo image the surface topography. The smallest step size of a piezoelectric
scanner can be less than one angstrom, which helps the PPM to image atomic structures.

The operation of PPM involves two major steps (Figure 2.1). The first is tip-approach, which




An image ofsurface
topography

Figure 2.1. The operation of a PPM. (a) Initial set-up; (b) The tip
approach process; (¢) The scanning process.
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is a process that brings the PPM probe from a macroscopic tip-éample gap to where the tip-sample
gap is on the order of a few nanometers or less. Compared to other scanning microscopies, this step
is unique for proximal probe microscopy. The second step is to scan the probe across the sample
surface to acquire an ‘image while the tip is maintained in the proximity of the sample surface by
the topographic feedback loop. The topographic image is generated by plotting the Z piezo voltage
versus the XY piezo voltages.'® Since a topographic image of PPM is created by the voltages ap-
plied to the piezo scanners, the image is generally independent of the physical property used to
sense the sample surface.

By the use of additional sensors or additional serising techniques, other surface physical prop-
erties, such as electrical potential, can also be measured simultaneously with topography. While the
XY piezo scans the tip across the sample surface, these other physical properties can be recorded
along with the topography. The spatial distribution of a recorded signal output of an additional
sensor can be used to generate an image representing the physical property being measured, which
is also called fo image this physical property.

PPM has a number of advantages over other microscopy techniques. Its resolution is higher
than traditional optical microscopy and the SEM, permitting it to image local surface topography
and electrical structure at the atomic scale. Many other physical and chemical properties can also
be imaged in sub-micrometer scale resolutioﬁ, and experiments on the nanometer scale is possible.
All PPMs can be operated in air, vacuum, or other environments, which greatly increase the appli-
cation area of the PPM.

The topographic images that PPM generates are three-dimensional. On very flat samples
(roughness < 10 nm), PPM images have much higher topography contrast than Scanning Electron
Microscopy (SEM). Becauée the contrast of a .SEM image is created by the difference in the sec-
ondary emission of surface material or change of slope on surface topography, a flat éurface of

uniform material results in very low contrast for SEM. However, PPM records surface topography
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with the position of the piezoelectric actuator that controls the feedback. The image contrast in sur-
face topography is limited by the voltage noise on the piezoelectric actuator and environmental vi-
bration, which can usually be made small enough to allow the system to detect topographic varia-
tion of less that one nanometer. For SEM, non-conductive samples must be coated with conductive
material to obtain high-resolution images. For AFM imaging, since the image mechanism does not
require any conductivity of the sample, the conductive coating is not necessary.

The major limitations of PPM are caused by the limited Z piezo range (usually smaller than
10 pm) and the tip geometry. PPM imaging is restricted to relatively flat samples. The fluctuation
of surface topography must be smaller than the range of Z piezo. However, SEM does not have
such a restriction, enabling imaging of porous or very rough sample.

Because of the prospect of imaging atoms, the novel imaging mechanisms, capability of ex-
ploring the nano world, along with moderq computer technologies, and the quest by researchers
from various fields to see ever smaller objects, PPM quickly became one of the most important

microscopy techniques for academic research and industrial applications.

Nanometer Scale Force Sensing Techniques

To perform high-resolution imaging, the tip must be brought very close to the surface, usually
10 nm or less. A sensing technique that detects the change in tip-sample gap is necessary to bring
the tip into proper working position. Since interaction forces between the tip and the sample
strongly depend on the tip-sample gap, various surface-force-sensing techniques were developed
for controlling the tip-sample gap. A PPM equipped with one of the surface-force sensing tech-
niques is called a Scanning Force Microscope (SFM). Depending on the direction of the force to be
detected (vertical or lateral), the microscopic force sensing techniques can be classified into two
types: normal force sensor and shear force sensor.

Most of the microscopic force sensing techniques used in the SFM are normal force sensors

which include a microscopic cantilever that converts the variation of the tip-sample interaction
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force into the cantilever movement, and a displacement-sensing device that detects the movement of
the cantilever (see Figure 2.2). Historically, this type of microscope has been called the Atomic
Force Microscope (AFM).""”

The shear-force sensing technique uses a rigid tip (like in the STM) which is positioned per-
pendicular to the sample surface, and is set to vibrate parallel to the surface (see Figure 2.3). When
the gap between the tip and the sample is small enough, the tip-sample interaction will be strong
enough to change the resonance characteristics of the tip, which can be detected. The detailed
mechanism of the change of the resonance characteristics will be explained later in Chapter Three.
This technique has been used for the Magnetic Force Microscopy (MFM), and is especially useful

for the optical fiber tips used in the Near-field Scanning Optical Microscopy (NSOM).

Cantilever-Based Force Sensors

The cantilever-based force sensor is the sensor uséd in AFM. Various techniques of detecting
microscopic spatial displacement have been developed for the cantilever-based force sensor. Most
of these sensing techniques can detect a displacement of the cantilever on the order of one angstrom
or less. Since tip-sample interaction forces are usually of the order of a nano-newton, a micro-
scopic cantilever with spring constant of less than 1 newton/meter is a suitable device to convert
such microscopic forces into microscopic movement. The processes for large-scale production of -
microscopic cantilevers by photolithography techniques have been developed. .

Figure 2.2 shows the basic components of a cantilever-based force sensor. It consists of a
cantilever, a material stylus, and a displacement sensor. The probe generally has an aspect-ratio
(which is the ratio of the probe height to the maximum probe width, see Figure 2.2) of greater than
one. In most cases, the displacement sensor is external and is located behind the cantilever. When
the electromechanical effect (such as piezoelectricity and piezoresistivity) of the material of canti-
lever is used to detect the cantilever displacement, the cantilever itself can be an internal displace-

ment sensor.
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Figure 2.2. Cantilever-based force sensor.
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Figure 2.3. Shear force sensor.
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Tunneling Sensor. Quantum tunneling was the first phenomenon employed in the design of a

nano-newton scale force sensor for the AFM.' This force sensor consists of two probes. The first
probe that detects the sample is a diamond tip (which is a piece of gold foil 25 pum thick, .25 mm
wide, and .8 mm long) mounted on the free end of the cantile\‘/er. The second probe is an STM tip,
which is used as a displacement sensor to probe the motion of the first probe. It is placed on the
other side of the cantilever free end opposite the ﬁrsf probe. To detect the displacement of the canti-
lever, a tunneling current is established between the STM tip and the metal cantilever. With a fixed
bias voltage, the change in tunneling current is a measurement of cantilever displacement.

The advantage of this technique is its high sensitivity, which theoretically can attain 10
newton at room temperature. However, in order for the tunneling to work, the distance between the
cantilever and the STM tip has to be maintained at about 1 nm. This is difficult to achieve when
imaging a rough sample. It also has the limitation of not being able to measure lateral forces when

the tip is dragged along a scan line.

Capacitance Sensor. If the cantilever is metal or is coated with metal, its nanometer scale dis-

placement can be monitored by the capacitance of the cantilever relative to a fixed reference
plate.” |

A c_apacitance sensor has the advantage of easy operation. However, it is difficult to produce
such a microscopic capacitor and maintain a small gap. The natural static charge build-up on the
cantilever and the reference plate can easily pull the cantilever into contact with the fixed plate,
which causes the sensor to stop functioning. Its performance also suffers from the interference of

tip-sample capacitance and stray capacitance.

Interferometer Sensor. Using an optical interferometer to detect microscopic displacement is a
well-developed technique. This technique has been used to detect the microscopic displacement of

an AFM cantilever.?' In this kind of sensor, an optical flat is used to form a Fabry Perot interfer-

e
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ometer with the free end of the cantilever. A polarized laser beam is incident on this Fabry Perot.
The reflected beam is sent to a photodetector, whose output signal is a sinusoidal function of canti-
lever displacement. When the cantilever displacement is greater than the wavelength of the laser
light, the output signal tracks the displacement into the next fringe. This gives erroneous informa-
tion about the cantilever displacement, because the same output signal can represent multiple val-
ues of cantilever displacement. For this reason, this sensor has difficulty imaging rough samples.
Since the distance between the optical flat and cantilever needs to be commensurate with the optical
wavelength, the displacement sensor has to be in close proximity to the AFM tip. This makes it
difficult to incorporate the AFM with other microscopic techniques, Because the displacement sen-

sor will block the line-of-sight of the tip.

Optical Deflection Sensor. When the force between the tip and the sample changes, the canti-

lever bends to balance the force. In this technique, an optical deflection sensor uses a laser beam to
detect the angular change of the cantilever.” When equipped with a quadrant photosensor, it can
detect both normal force and lateral force simultaneously. Because of its high sensitivity and sim-
ple instrumentation set up, this is the most widely used technique in AFM today. Because the dis-
placement sensor can be several centimeters away from the tip, 1t is compatible with various rang-
ing techniques. The major drawback of this sensor is that it requires laser optical alignment when-

ever a new cantilever is installed in the microscope.

Piezoresist Sensor. Piezoresist sensors are specially engineered cantilevers, which make use of

the piezoresist effect of silicon. When the cantilever bends, the internal strain will cause the resis-
tance to change. By measuring the resistance across the cantilever, the interaction force can be de-
tected.”

The advantage of this sensor is that the cantilever itself is an internal displacement sensor. It

allows simple hardware implementation, and no optical alignments are needed. However, because a
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finite current must be maintained to measure the resistance, the heating of the cantilever results in
the sensor signal being affected by the thermal properties of the sample. When the heat dissipation
changes due to the change of surface topography, the piezoresist sensor can create erroneous
measurement of the vertical dimension of the surface topography. Because the piezoresist effect is

temperature dependent, this force sensor may suffer a large thermal drift during operation.

Shear Force Sensors

Another type of force sensor is the shear force sensor. Instead of utilizing a low-rigidity canti-
lever like those used in the normal force sensors, it uses a rigid probe with a spring constant on the
order of 10° newton/meter. A number of shear force sensors have been developed for NSOM, but
their capability of controlling tip-sample gap also makes them suitable for AFM.

Figure 2.3 shows the basic components of the shear force sensor. A shear.force sensor usually
includes a modulating piezo, which is a piece of piezoelectric ceramic that supports the force
sensing probe and generates vibrations to set the probe assembly into resonance. The probe is per-
pendicular to the sample surface and the vibration direction is parallel to the sample surface. Since
the resonance characteristics of the tip vibration are strongly dependent on the shear force between
the tip and the sample, the sample surface can be detected by measuring the change in the reso-
nance characteristics as the tip approaches the sample. With this sensitivity of the sample surface,
feedback can be established to measure surface topography.

Compared to the cantilever-based force sensor, non-optical shear force sensors have the ad-
vantage of a solid-state structure that allows for easy operation. The rigid probe also ensures a
small variation in tip position, providing higher mea.éurement accuracy in surface topography. A
drawback of shear force sensors is that it is difficult to track the surface when the slope of the sur-

face topography is too large.

" Impedance Sensor. The impedance sensor uses the modulating piezo (see Figure 2.3) itself as

|
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the internal displacement sensor. To detect the tip-sample interaction force, an AC voltage is ap-
plied to the modulating piezo to vibrate the probe assembly near its resonance. When the system is
in resonance, the AC impedance of the modulating piezo depends strongly on the charactenistics of
probe assembly’s mechanical resonance. Since tl;e resonant characteristics are functions of the tip-
sample interaction, measuring the impedance change of the modulating piezo can detect the change
in tip-sample interaction.” The advantage of this sensing mechanism is that it can be simply -
plemented. However, the piezoelectric ceramics have a strong pyroelectric effect, which generates
additional electrical voltages when the temperature chénges. For this reason, this technique suﬁ'ers.

from thermal stability problems.

Quartz Tuning Fork Sensor. A crystal quartz tuning fork can be used to perform shear force

detection.” In this kind of force sensor, a tuning fork, mounted between the modulating piezo and
the probe, is used as the internal force sensor. When the modulating piezo sets the tuning fork into
vibration, the piezoelectric effect of the quartz crystal will turn the vibration of the tuning fork ix;to
an oscillating electrical signal that can be measured across the electrodes of the tuning fork. The

advantage of this techniqué is its thermal stability and high sensitivity.

Ranging Techniques for Locating Nanometer Scale Objects

Usually, the size of a sample to be studied by a microscope is much larger than the maximum
field of view of this microscope. In order to locate the particular area to be studied, two methods
can be used. The first is to do a whole area search on th.e sample with the microscope to looi< for
the area of interest. Obviously, this could be impractical and time-consuming. The second is to use
a certain ranging technique that incorporates another microscope or imaging instrument that has a
greater field of view. In such a greater field of view, the area of interest on the sample surface can

be easily located and can be moved into the field of view of the first microscope.




19

The field of view imaged by a PPM is normally less than 100 um, which is much smaller than
the size of a normal sample. In order for a PPM to be practical, a ranging technique is necessary to
locate the sample area to be studied, and then to position the PPM probe over it.

An appropriate ranging technique should have adequate resolution. Its minimum resolvable
feature size should be much smaller than the field of view of the microscope. For an optical micro-
scope, the human eye is good enough to be the ranging tool. For the PPM, since its maximum field
of view is near the limit of the resolution of a naked eye, some other technique must be used. Opti-
cal microscopés have been integrated with a PPM as a ranging tool.?® There are two common
methods of integrating an optical microscope: with the optical axis perpendicular to the sample,
and with the optical axis at 45° to the sample. With the 90° view, the whole optical field of view is
in focus. It is thereby easier to locate an area of interest. With the 90° view, however, the tip of the
probe is not visible because the cantilever blocks the line-of-sight. With the 45° view, the tip-
sample distance can be monitored easily. This allows fast tip approach for manual control systems.
but it is not possible to get the entire optical field of view in focus.

There are two shortcomings of a conventional optical microscope that make it unsuitable as a
ranging tool for features less than one micrometer. Firs£, the resolution of the conventional optical
microscope is limited by the optical wavelength, which makes it impossible to resolve features
smaller than about 1 um. Second, when the magnification is near its maximum, the depth of field
of optical microscopes is very small, so it is difficult to Jocate the area of interest on a very rough
sample, such as loose paper fibers.

A desirable ranging tool is the Scanning Electron Microscope (SEM), which usually has a
maximum field of view of several millimeters and a resolution of a small fraction of a micrometer.

For 2 field emission SEM, the resolution can be in the nanometer range for certain types of sam-
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ples. Integration with a SEM would solve the ranging problems of the PPM. Additionally, the large
depth of focus in the SEM permits good focus on both the tip and the sample together at high
magnification. A further advantage is that the SEM can be used to monitor the tip condition of a
PPM probe.

Since SEM has many capabilities not available from PPM, combining PPM and SEM to-
gether in one system will significantly enhance PPM operation. When being monitored by SEM,
the PPM probe can be quickly and accurately positioned over a sub-micrometer feature by virtue
of visual feedback to the operator. This is important for studying a specific area of the sample and
for surface modification at the sub-micrometer scale using the probe. For porous samples with
features of a few micrometers or le'ss in size, such as loose fibers, the PPM tip can easily fall into
the void space among surface features when not being guided by any ranging tool.. In this case, it is
necessary to position the tip accurately over a high feature on the sample in order for the relatively

short PPM probe to reach a surface for acquiring a PPM image.

Combining STM/AFM and SEM

Many efforts have been made to combine the Scanning Tunneling Microscope (STM) with the
Scanning Electron Microscope (SEM).”** A number of these systems were ultra-high vacuum
(UHV) STM/SEM systems that operate in a vacuum of about 10""° torr. In the UHV environment,
the problem of electron-beam-induced surface contamination of a cleaned sample is minor. How-
ever, the shortcoming of these UHV STM/SEM systems is that they are difficult to operate and can
only image conducting samples.

Besides the advantage of imaging non-conducting samples, the AFM can perform various
types of surface proximity measurements. Some examples. of these special working modes are: lat-

-eral force microscopy (or frictional force microscopy), magnetic force microscopy (MFM), electri-
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cal force microscopy (EFM), thermal force microscopy, and so on. Because of the advantages of
AFM, it is also important to develop an AFM that is equipped with a SEM as a ranging tool. There
have been instances of integration of SEMs with AFMs, but not for the purpose of ranging. An
AFM/SEM system has been built as a station for electron-beam tip fabrication and i» situ tip test-
ing.” In this system, the sample faces downward. When performing AFM imaging, the AFM tip
and the AFM imaging area on the sample cannot be imaged with the SEM, preventing the SEM
from being used as a ranging tool. Another AFM/SEM system has used electron-beam deflection to
sense cantilever bending.>® A piezo lever AFM has been operated simultaneously with a SEM,*
which demons’;rated the compatibility of the piezoresist lever with SEM. However, it did not have
any translators, nor could it be used as a ranging tool. Our combined AFM/SEM system was the
first full-feature instrument that allowed simultaneous AFM and SEM operations to monitor the

scanning of the AFM tip, and to accurately position the tip over a sub-micrometer scale feature.*

Vibrating Cantilever Mode of AFM Operation

An important AFM operating mode is the Vibrating Cantilever Mode (VCM). The concept of
using a vibrating probe to measure surface profile was first introduced in the profiler instruments
over 40 years ago.”® In vibrating cantilever AFM, the fixed end of the cantilever is driven with a
modulating piezo, so that the cantilever-tip assembly is vibrated continuously perpendicular to the
sample surface. Figure 2.4 shows the working principle of VCM. When the tip is far away from
the sample (Figure 2.4a), the cantilever has a defined resonant frequency fo. When the tip gets close
to the sample (Figure 2.4b), the tip-sample interaction causes changes in resonant characteristics
of the cantilever (see Chapter Five). Particularly, the resonant frequency changes to f'. If the driv-
ing frequency of the cantilever is set at f;, the electronic system will detect a change in the vibration
amplitude, A4, when the tip is interacting with the sample. A similar effect also happens to the
phase shift signal. Therefore, the sample surface can be detected by the changes in vibration ampli-

tude and phase shift.
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Figure 2.4. The working principle of the AFM vibrating cantilever mode (VCM).
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If the probe is not in vibration during the scanning process, the tip would be continuously in
contact with the sample, and the laterai force (friction) between the tip and the sample would dam-
age the tip and/or the sample surface. The primary reason for oscillating the probe perpendicular to
the sample surface while scanning is to reduce the unwanted lateral forces between the probe tip
and sample surface; thus minimizing the tip and/or sample damage. To achieve these benefits, the
probe in a profiler instrument is typically oscillated between the point of contact and a position
well above the sample’s surface.® However, since the contact force in profiler instruments is rela-
tively large, the lateral resolution (see Chapter Three) of surface topography is on the order of one
micrometer.

A dramatic improvement in the lateral resolution and force sensitivity of profiler instruments
occurred with the development of AFM. As early as 1986, Binnig and Quate acknowledged the
potential benefits of vibrating the cantilever in an AFM.' Martin et al.’ and later Meyer** demon-
strated tﬁe importance of vibrating techniques applied to AFM with a feedback mechanism based
on monitoring the changes in amplitude or phase of a vibrating cantilever. Martin et al.® demon-
strated two modes of operation, a low-amplitude mode and a high-amplitude mode.

The low-amplitude mode operates with low vibration amplitudes, which allow the probe to
profile the surface with high resolution without surface contact. The cantilever vibrates at or near
its resonant frequency at relatively low vibration amplitudes, on the order of 2 nm or less. It is be-
lieved that the tip is working in the van der Waals force regime of the tip-sample interaction poten-
tial curve. In this regime, the force is attractive and the force gradient is positive (the attractive
force increases-as the tip approaches the sample). Such a tip-sample interaction effectively reduces
the spring constant of the cantilever, and lowers the resonant frequency. With a fixed driving fre-
quency, the changes in resonant frequency result in the changes of the vibration amplitude or the
phase shift (see Chapter Three), which can be detected and used to set up a feedback maintaining a
constant average tiﬁ-sample gap. The feedback establishment can also be done by detecting, the

change of resonant frequency.”® This scanning mode has come to be known as the non-contact
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mode AFM. Ideally, with non-contact maging, no damage should occur to the sample surface and
the AFM tip, that is, the imaging process is non-destructive.
In ultra-high vacuum conditions, where samples can maintain less than one monolayer of sur-

35, 36
and

face contamination for a few hours, atomic resolution has been achieved on Si(7x7)
InP(110)* surfaces. The stable atomic resolution images indicate that the imaging process is non-
destructive to both the tip and the sample. Although the non-contact mode has been very successful
in UHV, it has not been demonstrated capable of providing high resolution images in ambient air.
A widely accepted argument links the poor resolution with the surface contamination layer. When
used under ambient conditions, the surface contamination layer between the tip and the sample re-
sults in large tip-sample gap and creates instability in the feedback loop. Both of these factors
lower the lateral resolution of AFM (see Chapter Five). Also, it is believed that the capillary force
of this viscous layer on the surface can “capture” the tip to the surface, so that non-contact imag-
ing is not possible.®

Martin et al.® have demonstrated a second vibrating mode using an additional relatively large
oscillation, approximately 100 nm in amplitude. Thus high-amﬂitud‘e tip oscillation is -at a rela-
tively low frequency, which is added to the low-amplitude vibration at the cantilever resonant fre-
quency. In this high-amplitude oscillation AFM mode, the tip contacts the surface upon each low
frequency oscillation. Because the tip contacts the surface, damage to the tip and/or sample surface
is possible. On the other hand, some researchers believe that little sample and tip damage occurs

when the probe tip contacts the sample in the AFM vibrating cantilever modes.® This has not been

proved experimentally.

Nanometer Scale Surface Electrical Potential Sensors

When imaging with a conductive tip in AFM vibrating cantilever mode, variations in surface

potential or localized static charges can be mmaged along with the topography. Microscopic imag-
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ing of potential distribution is important for analyzing characteristics of semiconductor devices.

Microscopy of surface potential distribution can also be applied to organic and biological systems.

Kelvin-probe Force Microscopy

The first PPM me:thod developed for direct imaging of surface potential is based on the tradi-
tional Kelvin method. The Kelvin method is a simple technique for measuring contact potential dif-
ference between -two surfaces.®® In the Kelvin method, the probe and the sample form a capacitor.
When the probe vibrates the capacitance changes, and since the contact potential is constant, a cur-

rent is set up in the circuit according to the equation,

i d d dC
1(1)2';1?—2—‘5((:1/) = VE 2.1)

Since the AC current is the result of the periodic change of the capacitance, the Kelvin method is
also called the vibrating capacitor method.

To perform a surface potential measurement with high lateral resolution, the Kelvin method
was incorporated with an AFM,* based on the vibrating cantilever mode, which is called Kelvin-
probe Force Microscope (KFM). In this method, instead of driving the cantilever to vibrate me-
chanically by a modulating piezo, it is driven electrically by an AC voltage applied to the conduct-
ing probe. With this external AC bias voltage, any potential difference between the probe and
sample will cause the cantilever to vibrate. (The details of the working mechanism will be shown in
the following paragraphs.) The reason for this design change to the original Kelvin method is that
measuring mechanical movement of a cantilever is what an AFM force sensor does best. In the
traditional Kelvin method, probe vibration is used to generate an oscillating current, which is then
measured. In the Kelvin-probe force microscopy, an AC bias voltage is used to generate a probe
vibration, which is then measured.

To show the details of the KFM working mechanism, we first consider the traditional Kelvin

method, which is commonly used to measure contact potential between two materials. The contact
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potential difference between the two materials is Vepp = 1/e($2- ¢1), where ¢, and ¢, are the work
functions (in the unit of eV) of the two materials. When the distance between the two materials is
oscillating at the frequency o, the change in capacitance, AC, will generate a current of **

i(t)=Verpw ACcosart . 2.1

The contact potential difference is measured by applying a sinusoidal vibration between the two
materials to change the capacitance periodically. The change in capacitance generates an AC cur-
rent, i(f). Finally, a bucking voltage is applied to make #(#) = 0. Then the externally applied voltage
is equal to the Vepp.

In applying the Kelvin method to AFM, when the cantilever-probe assembly gefs close to the
éurface, the contact potential difference between the tip and the sample results in an electrostatic

force which can then be detected by the AFM cantilever. The electrostatic force between two con-

-

where C is the capacitance between the tip and the sample, G is the tip-sample gap, and V' is the

ductive surfaces can be written as®

potential difference.
To measure the surface electrical potential, both AC and DC voltages are applied to the con-
ducting AFM probe from power supplies. The total voltage on the tip is,

V = Vpe + Vycsin(wb), 2.3)
where Vpc includes the surface potential difference to be measured, and ncsin(a)t) is the AC volt-
age. In the measurement, the amplitude of cantilever movement is small relative to the size of the
cantilever. Therefore, we can assume the vibration amplitude is proportional to the force. From

equation (2.2) and (2.3), the vibration amplitude of the cantilever, 4, can be written as™

2
A= S{Vi’x +2Vpc V acsin(ot) + %1’-9-(1 - cos(Za)t))} , (2.4)

where S is a coefficient that includes the effect of dC/0G, surface chemistry, and scan conditions.
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The potential imaging is performed by measuring the sin(@t) component, which is the second term
in equation (2.4). An external DC voltage is applied to cancel the contact potential difference,
making V¢ = 0. Then the second term in the square brackets vanishes and the vibration at the fun-
damental frequency will thus vanish. At this point, the surface potential difference is equal to the
external DC voltage on the tip.

KFM instrumentation consists of two basic parts incorporating two different feedback loops.
The first part is a regular vibrating cantilever AFM, which makes up the topographic feedback
loop that keeps the tip-sample gap constant. It consists of a cantilever mechanically vibrating at
frequency @), which is the working frequency of the topographic feedback loop. The second part is
the Kelvin probe, which makes‘up the electrical potential feedback loop that keeps the DC voltage
between the tip and the sample constant. It supplies an electrical AC voltage of frequency @,
which is the working frequency of the potential feedback loop, to the metal (or metalized) cantile-
ver. The operation frequency for the topographic feedback is usually set at the resonant frequency .

of the cantilever, and the operation frequency for the potential feedback is about 2 kHz above the

resonance.39

Maxwell Stress Microscopy

Another technique for imaging surface potential, developed shortly after the invention of
KFM, is Maxwell Stress Microscopy, w_hich is a technique modified from KFM. The difference is
that the frequency used for the topographic feedback loop is the second harmonic, 2@, of the reso-
nance.”' Frofn the equation (2.4), we see that when ¥pc = 0, only the second harmonic term, 2&), is
left. This term i$ independent of the DC bias between the tip and the sample. Therefore, when
topographic feedback is working on the second harmonic, the feedback condition can be totally
independent of surface potential.

In KFM, the working frequencies of the two feedback lo;)ps are both near the first harmonic,

which could cause interference between the two feedback loops. The advantage of Maxwell Stress
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Microscopy is that it can completely remove the crosstalk between the topographic signal and the
potential signal. The drawback is that its topographic sensitivity is ver$/ low, because the vibration
amplitude of the second harmonic is significantly smaller than the amplitude of the first harmonic.
In this case, the signal-to-noise ratio is small, which reduces the sensitivity of the topographic
feedback loop. Therefore, this method is difficult to use on samples with rough structures, such as

a step feature on an integrated circuit specimen.
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CHAPTER 3

THEORETICAL ANALYSIS
Introduction

In the following discussion, we first consider the interactions between two neutral objects,
where we will compare the magnitude of the van der Waals force with the capillary force. Then, we
discuss the lateral resolution with an example of imaging a single charge. To study the operation of
a vibrating cantilever, we present the basic information of mecﬁa.nical resonance with viscous
damping. The largest section in this chapter is devoted to the analysis of tip-sample contact, which
is an important factor in AFM operations. At the end we present the expression of the surface po-

tential on a semiconductor junction, which will be applied in a KFM measurement in Chapter 7.

Nanometer chle Surface Interactions

Interactions in the nanometer scale can be classified into a number of types depending on the
actual systems involved. Although various force names are used for these interactions, they are all
manifestations of the electromagnetic force. The most well known interaction is the van d‘_er Waals
force under ideal conditions. Under ambient air conditions, since the surface is covered with a'layer
of liquid-like contamination, the capillary force is dominant when a liquid bridge is formed between
the two interacting surfaces. For normal PPM operations, the distance between the tip and the
sample is usually less that 10 nm. Studying various nanometer scale tip-sample interactions is

critical to understanding the imaging mechanisms of PPM.
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Interaction between Neutral Molecules

The attractive interaction between neutral molecules can be described with the van der Waals
force. The major characteristic of the van der Waals force is that its potential energy depends on
the inverse sixth power of the distance. The van der Waals force can be contributed by any one of
the following three components.*” The first is the dipole-dipole interaction that is referred to as the
orientation or Keesom interaction. The second is the dipole-induced dipole interaction that is re-
ferred to as the induction or Debye interaction. The third is the dispersion forces that are the result
of interaction among the instantaneous dipoles of all the atoms in the interad:ing objects. All of

these interactions follow the inverse sixth power of distance dependence, that is,

w(r) < %6 ) (3.1

In general, the interaction between two neutral molecules involves both attractive and repul-

sive forces. The general form of this potential is called the Mie potential,”
B
W(r)————+—,,,, (3.2)
r

Where A and B are constants that depend on the specific system. The most important repulsive
force between the ion cores of the two atoms* is due to the Pauli’s exclusion principle when the
gap between them is o.n the order of 0.1 nm or less. Since the repulsive force is greater than the
attractive force at short distance, we have m > n. The commonly used form is the Lennard-Jones
potential (or 6-12 potential™) which combines the inter-atomic repulsion and the van der Waals

: . 45
attraction, that is

w(r) = ———+—B—
l

@) e

where w, is the minimum value of the potential energy. The force is

F(r)= —fw% = 24w0[2(%j12 - (%)6};- . (3.4)
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The Lennard-Jones potential is commonly used to describe the interaction between two neutral

particles. The first and second order derivatives are

) gy, [—.26(2) - 7(3) GJ% , (3.5)

ar r r r
and
2 12 6
i z(r ) = 672w, 13(5) —2(5) iB : (.6)
ar : r r r

From equation (3.4) with the condition of F{(r;) = 0, we have the inter-molecular separation where
the potential energy is minimum, that is w(ro) = —wo,

t, = 20 =11220. t3.7)
From equation (3.5), with the condition dF/dr(r = r;) = 0, we get the inter-molecular separation

where the magnitude of attractive force is maximum,

1
. =s‘/2x7 3 o = 12440 | (3.8)

Combining equations (3.4) and (3.8), we have the maximum attractive force,

7
F(r,)= _29(_7_)6 Yo o 150822 (3.9
13\26) o o

From equation (3.6), with the condition d’F/dr’(r = rs) = 0, we get the inter-molecular separation

where the force gradient is maximum,

3
= 5/12_0— 13660 (3.10)

Combining equations (3.5) and (3.10), we have the maximum force gradient,

Wi

dF (2) W,
T r)=72| =] 2 =594
a’r(S) 13/ o _

Y,

(3.11)

7 -

o}

Figure 3.1 shows the force presented by equation (3.4), and the three important values of the inter-

atomic separation, g, #, and 7s.
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Figure 3.1. The force created by the Lennard-Jones potential, rq
is the spacing where the net force is zero. ra is the spacing where
the maximum attractive force occurs. s the spacing where the
force gradient is maximized.
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Interaction between a Sphere and a Flat Surface

The 6-12 potential described above is only for the interaction between two neutral particles
with negligible volume. In the reality of tip-sample interaction in PPM, the physical dimensions are
significant for the tip-sample interaction. Furthermore, for PPM operation in air, due to surface
contamination (mostly the condensation of water) on both the tip and the sample surfaces, the
capillary force between the tip and the sample should also be considered. If static charges exist on
the surfaces, electrostatic interaction occurs, which usually dominates at long range. When the tip
makes physical contact with the sample, the two materials can be deformed by the high pressure in
the contact region, which results in the repulsive contact force. Therefore, to study the tip-sample
interaction in air, we should consider four types of interactions: van der Waals force, capillary
force, electrostatic force and repulsive force due to pressure deformation of the surface. Since our
studies are focused on the neutral tip-sample interaction prior to physical contact, only the van der

Waals force and the capillary force are discussed in the following sections.

van der Waals Force. To study the interaction between the tip and the sample, we will use a

simplified model that the tip is a sphere of radius R and the sample is a flat surface. The van der

Waals potential between a sphere and a flat surface is*

HR
wG)=-— (3.12)

where G is the tip-sample gap and A is the conventional Hamaker constant given by"’
H=7"4p,p,, (3.13)
where A is the coefficient in equation (3.3) and py and p, are the number of atoms per unit volume

in the two interaction bodies. From equation (3.12), we have the attractive force,

HR
F oo _ 3.14
vdW 6GZ ( )

Capillary Force. When the tip and the sample make contact in air, a meniscus forms around
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the contact region (Figure 3.2). With the assumption that the contact area is much smaller than the

size of the tip, the capillary attraction force due to the liquid bridge is8

4% Ry L cos($
FQi =-m B ® (3 15)
i+5
d

where R is the tip radius, % is the surface energy of the liquid, 6 is the contact angle, and d is the

dimension illustrated in Figure 3.2. The volume of the liquid between the two objects is
V = t(Rs\n <2{G +d)- TtRdl+ —d 7, (3.16)

where <is the angle shown in Figure 3.2. Since d is very small, we can ignore the last two terms in

the above equation, and have

G +d = GO= constant. (3.17)

Combining equations (3.15) and (3.17), we have

Fep, =~Fo 1- (3.18)
7oV
where Fo = 4TtRyLcos(R) is the maximum capillary attractive force, and Go is where the capillary

force vanishes.

Figure 3.2. The capillary attraction between a sphere and a flat surface.
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Comparing van der Waals Force with Capillary Force. To get a more physical understanding
of the van der Waals force and the capillary force, we will make some estimation based on some
realistic numbers. Since the Hamaker constants of most condensed phases are found to lie in the
range (0.4-4)10'9J,8 we will assume a value o f// = IxIO0"'9J when calculating the van der Waals
force.

To calculate the capillary force, we use % = 72 mJm"2 for water,3 choose cos(0) = 0.5, and
assume the total thickness of the contamination layers on both surfaces to be co = 10 nm, which is
a common value observed in our studies. From equations (3.14) and (3.18), the forces are calcu-

lated with two different values of sphere radius and shown in Figure 3.3.

van der Waals

Capillary

Spacing (nm)

Figure 3.3. Comparison of the van der Waals force and capillary
force between a sphere and a flat surface for two different values
of the radius, R.
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Lateral Resolution in Imaging the Electrostatic Properties

In microscopy, lateral resolution generally means the smallest feature that can be resolved by
a microscope. In an optical microscope or a SEM, it is determined by the smallest focus spot. In
PPM, the lateral resolution of an image is governed by the tip radius and tip-sample gap. Particu-
larly, in STM, the lateral resolution has been defined by a range around the tip where the change in
the tunneling current is less than one order of magnitude.B. In force microscopy, the lateral resolu-
tion can be defined by the change in tip-sample interaction forces. In this section, we will analyze
the electrostatic interaction based on a simple model. The lateral resolution will be defined, and its
relationship with tip parameters will be shown.

When measuring surface electrostatic properties, a conducting tip is always used. Since the
lateral resolution is a one-dimensional parameter, a two-dimensional model is sufficient for the
study. Figure 3.4 shows a theoretical model for the following analysis. We assume that the tip is a
spherical grounded conductor with radius r, and the tip-sample gap is G. On the sample surface,
there is a single point charge g that is displaced laterally x from the tip. This model pertains to a

situation in which the electrostatic force is the major tip-sample interaction.

JX2+(G+Rf

& % >

Figure 3.4. Diagram of a single charge and a conducting sphere.
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Since the vibrating cantilever AFM detects mos'tl}'l the force component perpendicular to the
sample surface, we will study the vertical component of the force between this physical cﬁarge on
the surface and the image charge induced 'in the tip. Generally, this force component is a function
of x, that is f = f{x). When the charge is right under the tip, the force is at its maximum. That is,
dfdx(x=0) = 0, and fuax =A0). To define the lateral resolution, let us consider two point charges
that are at location x, and x; respectively. The total force applied to the tip when the tip is scanning
along the x direction is

J3(0) = fx-xp) + flx-xz). (3.19)
To define the lateral resolution is to define a minimum resolvable size, Ay, which is illustrated in

Figure 3.5. Any feature smaller than A is considered unresolvable. The minimum resolvable size,

In the case illustrated in Figure 3.5, when the distance between the two charges is smaller than Ara,

A is defined by the relation,

they are considered not resolvable as a two-charge feature. When the minimum reso}vable size is
small, the lateral resolution is high.

Next, let us find the specific expression of this force. The attractive electrostatic force be-
tween a point change and the conducting sphere is™

RYx* +(z+R) | -

(x* +z* +2zR)*’

\F (x,z, R)| =q°

and its vertical component is

Rz+R)
(x* +2z° +2zR)*

F(xzR=q" (3.22)

This is the force detected by the cantilever, that is, fx) = F,(x,zR).




ALat

Force from the charge at X1
Force from the charge at X

Total force

Lateral distance

Figure 3.5. The definition of lateral resolution.
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Obviously, the force that the cantilever detects is also a function of tip-sample gap, G, and the
tip radius, R. This dependence is shown in Figure 3.6. From these diagrams, we can get some in-
formation. When the tip is very close to the sample, the maximum force (where x = 0) is not de-
pendent on the radius of the tip. That is,

R(G+R) . q

G*(G+2R)?* <R T 4G* (3:23)

F(0,G)=¢"

This means that the strongest interaction applied to the tip is mostly on the very bottom part of the
tip.
We can also draw some conclusions on the minimum resolvable size. From equation (3.20),

we have the minimum resolvable size,

A, =2 \/(‘/g —1) G(G+2R) . (3.24)

This equation shows clearly the dependence on the tip-sample gap, G, and the tip radius, R. From

the above equation, the minimum resolvable size can also be expressed as

ALat. x Jﬁ: (325)

and

A, <G (3.26)

These equations indicate that reducing both R and G will reduce Ar,,. However, the minimum re-
solvable size, A, has a stronger dependence on the tip-sample gap, G, than the tip radius, R. In
order to get higher lateral resolution, it is more important to reduce the tip-sample gap than to re-

duce the tip radius.
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Figure 3.6. Electrostatic force between a single charge and a conducting tip.
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Mechanical Resonance of a Harmonic Oscillator with Viscous Damping

In vibrating cantilever mode AFM operation, the damping of the cantilever vibration is due to
the collision with air molecules and the dissipation from the cantilever deformation. In normal
AFM operation, the amplitude of the cantilever vibration is usually smaller than 0.1% of the canti-
lever length. Such small deformation makes the air damping the dominant effect when operating
under ambient conditions. Since the speed of the cantilever is much smaller than the average speed
of the air molecules, the air damping force can be considered to be proportional to the speed of the
cantilever.” Therefore the vibrating cantilever can be considered as a driven damped harmonic
oscillator. The equation of motion is

m’z+ bz +kz = F, cos(w 1), (3.27)
where m’ is the effective mass, b is the damping coefficient, & is the spring constant of the cantile-
ver, Fy is the amplitude of the driving force, and wy is the angular frequency of the periodic driv-
ing force.

The displacement of the cantilever is z = A(a)d)cos(a)dt — &). The amplitude of the cantilever
vibration is

4,
1-1— + —
W, (007)2 @,

k
where 4, = A(0) = i3 is the drive-amplitude, @, = is the natural frequency of the canti-
° k

Alw,) = (3.28)

-

m

»

lever, and 7 = 7 is the relaxation time. The phase angle is

w, /T ’
5= arctan(—zd——zj : (3.29)
W, —Wy

The resonance spectra represented by equation (3.28) are shown in Figure 3.7 with three sets of

parameters.
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Drive Frequency (in o)

Figure 3.7. The resonance spectra of a driven damped harmonic oscillator.

One of the important parameters for a damped harmonic oscillator is the quality factor, 0. It
is defined as 1n times the ratio of the energy stored to the average energy loss per cycle,%that is,

Q- energy stored (3.30)
- k .
(energy loss per cycle)

When the cantilever is a lightly damped system, that is r » /<%, the quality factor of the system
can be expressed as%

Q = Coot (3.3))

For silicon cantilevers that are used for the vibrating cantilever mode, the Q factors are generally
greater than 300 under ambient conditions.

From equation (3.28) and the condition dAzdcod = 0, we have the resonant frequency.

@ a (3.32)
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where the oscillation ampli}tude reach its maximum value. Combining equations (3.28) and (3.32),
we have the maximum amplitude,
40
A(wg) = T 1 4,0, (3.33)
1
40*

because most of the cantilevers that we use have Q > 300.

Tip-Sample Contact; Harmonic Oscillator with Non-Damping Force

In the AFM vibrating cantilever mode operation, where the cantilever is vibrating perpendicu-
lar to the sample surface (see Figure 2.2), the tip-sample interaction force applied on the cantilever
is independent of the speed of the cantilever. In the case of viscous damping, the damping force is
always in the opposite direction of the movement. However, in the case of tip-sample interaction,
the force can be in the same direction of the movement during half of a cycle. This can result in the
increase of the vibration amplitude. To contrast this to the viscous damping, we call the tip-sample
interaction the non-damping force. When the tip-sample gap is small enough, physical contact be-
tween the tip and the sample can occur. The non-damping force between the tip and the sample
plays an important role in the tip-sample contact process.

The tip-sample contact can be classified into two types based on the kinematic status of the tip
prior to contact (Figure 3.8). When the tip-sample interaction force is attractive, its direction is
against the direction of the spring force of the cantilever while the probe position is lower than its
equilibrium position. When the spring force cannot overcome the attractive tip-sample interaction
force, the probe will be accelerated towards the sample until it contacts the sample. Since the brobe
is pulled closer to contact the sample abruptly, this process is called jump-to-contact (JTC). An-
other type of tip-sample contact is caused by that the trajectory of the oscillating tip intersects with
the sample surface. In this type of contact, the spring force is greater than the tip-sample interac-
tion force during the whole approach process, and the probe is decelerating prior to contacting the

sample. We call this type of contact process ramp-to-contact (RTC).
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Ramp-to-Contact (RTC)

Figure 3.8. Jump-to-contact and ramp-to-contact.
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Since the vibration amplitude of a cantilever is usually much smaller than its length, the vi-
brating cantilever cén be considered as a simple harmonic oscillator. In the following analysis, we
will use the properties of a simple harmonic oscillator to gain perspective on the conditions that
JTC and/or RTC events can occur and the energy transfer when the probe and sample make physi-
cal contact during the contact processes.

To perform the following calculation, a simplified model of tip-sample interaction is used,
based on the assumption that the capillary force is dominant (Figure 3.9a). The important charac-
teristic is that the force is attractive and its magnitude increases as the tip-sample spacing, x, de-
creases. Since dF/dx > 0, we define this range as having a positive force gradient.

If the spring constant of the cantilever is ko, and the equilibrium position is xo, we have the
spring force,

Fop(x)=—k,(x—x,). (3.34)
For the theoretical model of capillary interaction, we assume that the attractive force has a constant
force gradient &, the sample surface is at x = 0, and the attractive force starts to appear at x;.

Then, the non-damping force that is shown in Figure 3.9(a) can be written as,

Fo()=1 ° o 3.35
o (%) = k(x-x) x<x (39
Combining equations (3.34) and (3.35), we have the total force,
‘F 7 Fo() ~k,x + k,x, x> X, 3 36
. = + = . .
2 =P Far =10 pyr s (or, ~kx,) x<x, (3.36)

From equation (3.36), when the vibrating probe encounters the attractive force with positive
force gradient with respect to the tip-sample gap, the effective spring constant is reduced from k, to
ko—k,. This will cause an increase of the probe displacement. Considering the total force for x = x;,
we have Fx(x)) = ko(xo—x1) > 0 for xo > x;. When the tip approaches further, the F; will decrease,
while maintaining repulsive until the tip reaches a péssible threshold point, x; ( < x;) , where Fx(xy)

= 0. From equation (3.36), we have
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Force

Tip-Sample
Spacing (X)

Figure 3.9. A simplified model of a vibrating probe in an
capillary interaction with the sample, (a) The force model
of the capillary force between the tip and the sample, (b)
The tip movement related to the attractive force region.



47

Au-1Y
xJ=x1( /1#—1)’ ~ (3.37)

where A = k, /k, is the relative spring constant of the cantilever, and u = xo/x, is the relative tip-
sample gap.

For different A and , the total force, Fr, and the possible threshold point, x;, are plotted in
Figure 3.10. When the tip-sample attraction is stronger than the spring force and the equilibrium
position is outside of the attractive force region (Figure 3.10a), JTC will occur if x < x;. When the
tip-sample attraction is weaker than the spring force and the equilibrium position is outside of the
attractive force region (Figure 3.10b), JTC never occurs. When the tip-sample attraction is
stronger than the spring force and the equilibrium position is within the attractive force region
(Figure 3.10c), JTC always occurs. When the tip-sample attraction is weaker than the spring force
and the equilibrium position is within the attractive force region (Figure 3.10d), JTC occurs only if
x;=0. |

To gain further understanding of JTC, let us study the first case (Figure 3.10a) in more detail.
In this case wheﬁ x > x5, Fy > 0, which damps the cantilever vibration. However, when x < xj, Fy <
0. The direction of the total force is the same as the direction of cantilever displacement, which
breaks the balance and results in JTC. The parameter x; is the threshold of JTC. For JTC to occur

in reality, we must have x; > 0, that is,

Al X (3.38)
kO xl
and ~ T
L .
A=—L>1, (3.39)

0

which are the conditions of the spring constants under which the JTC would happen. From the
conditions (3.38) and (3.39), we should increase &, (that is, use stiffer pantilevers) to prevent JTC.

The conditions of JTC with various A and x values are summarized in Figure 3.11.
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Layer
1, A>1
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Tip
Vibration
Contamination
Layer
(d H<1,A>1

Figure 3.10. The total force applied to the AFM probe and the
conditions of JTC: (a) JTC occurs when * < xj; (b) JTC never occurs;
(c) JTC always occurs; (d) JTC occurs only for xj = 0.
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Figure 3.11. Conditions of JTC as a function of the relative
tip-sample gap fj. and the relative force constant 2.
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To determine the condition of RTC, it is important to calculate the lowest point, x, (see
Figure 3.9b), that the probe attains when entering the attractive force region. Figure 3.9b shows the
relation between the vibrating probe and the attractive force region. Suppose A is the free oscilla-
tion amplitude, then the total energy of this vibrating cantilever is £ = (1/2)k0A2. Since we are
studying the situation that the probe is entering the attractive force region, we have x, > x; and 4 >
x, —x;. The total potential energy at the cantilever’s lowest position, X, is

V(e,) = | [Fan (5)+ Fir ()

Xm

Tk ) e e [l x, )

1 1
= E(ko —k )X, = Cgxo — kX )%, + '2_(k0xo2 ~kx*). (3.40)
At the lowest position the potential energy equals the total energy. This gives an equation for X,
(ky = k), " = 2(kyx, — %)) %, + kyx,? —kx?®—kA*=0. (3.41)
That is,
. O ), —x)t —(A- (4 + A% - x,")
" A-1
Jx. —x. ) —(A=-D(4* + Ax,> = x,°
IR ) G0t 2 ) 542
When x,, < 0, RTC occurs.

Figure 3.12 shows the calculation results for a special case of xp = 50 nm, x; = 10 nm. From
Figure 3.12(a), we can see that the downward amplitude increases as A4 increases. To reduce the
effect of the tip-sample contact it is important to have a small A value, that is, using a cantilever
with greatef spring constant, kq. Figure 3.12 (b) shows the relation of this downward overshoot

with the free vibration amplitude, 4.




A = 46nm

kvkO =0 A=48nm
_ RTC
KL/KO = 1 _
Occurs *A= 50nm
KL/KO = 2
K1/kO = 3

Oscillation Amplitude (nm)

Figure 3.12. Simple Harmonic Oscillator under an attractive force
between the tip and sample. In this example, xq = 50 nm, Xj = 10 nm.
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It ié clear that the attractive interaction with a positive force gradient between the tip and Ithe
sample will only increase the vibration amplitude. The amplitude reduction in the vibration has to
be caused by the interaction with a negative force gradient. Suppose the sample is a hard surface at
x = 0; the cantilever will stop at this point. With this assumption, we can calculate the energy

transfer at the surface,

E. = %k(,A2 ro. (3.43)

Because
70 =2 (o —kix), (.44)

we have
Epe= %ko(Az —x,2 +Ax2). (3.45)

Figure 3.13 shows the calculation result for x, = 20 nm and %, = 50 N/m. The amount of en-
ergy transfer represents the intensity of tip-sample contact. To minimize the enefgy loss due to tip-
sample contact, the operation amplitude should be small. From Figure 3.13, we can see that canti-

levers with a greater spring constant can be operated at larger amplitude without energy loss.

Surface Electrical Potential on Semiconductors

For semiconductors used in industry, one of the important parameters is dopant concentration.
In order to measure bulk dopant concentration, one method is to cleave the specimen, and to- ana-
lyze the changes in surface electrical properties due to the variation of dopant concentration. A
good example of the variation of dopant concentration is the p-n junction. Figure 3.14(a) and (b)

shows a simple model of a sharp p-n junction.

-
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Figure 3.13. Energy loss when the tip encounters a rigid surface.
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Due to the difference in their work function between the p-doped region and n-doped region,
charges will be transf;:rred across the interface in a semiconductor p-n junction. Eventually the
Fermi level on both sides line up and band bending will occur near the interface. The charge con-
centration near the interface will produce a significant change in the potential. Figure 3.14(c)

shows the change of the electric potential across the interface that is given by”

eNA 2 )
“(x+w -w_ <x<0
2g¢, ( 2 P
g(x) = . (3.46)
e
Apy ——2(x-w,)’ O<x<w,
2¢e¢g,

where x is the coordinate perpendicular to the interface, N, is the acceptor concentration, Np is the
donor concentration, A is the difference of the work function, w, and w), are the widths of the de-
pletion layer on each side of the p-n junction.

From the above formula, the dopant concentration can be measured by measuring the change
of electrical potential across the interface. One method is to cut the sample to expose the cross-
section of the interface. When the surface is uniform and free of localized defects, the measured
surface potential on the cross-section should be proportional to ¢(x).

With the Kelvin probe force microscopy, the surface potential change across a junction can be
measured, which is a measurement of ¢(x). From equation (3.46), the measurement of the surface

potential can be a method of measuring the dopant concentration N, and Np.
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(a)
X =0
Dopant Concentration
(b)
Net Charge
Density
(c)

Depletion Layer

Figure 3.14. (a) Diagram of a sharp p-n junction;d (b) Dopant
concentration and net charge density; (c) Electrical potential.
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Summary

The theoretical analysis presented here is mostly related to nanometer scale surface interac-
tions. Much of the content is taken ﬁom previously published materials. This thesis presents three
new subjects of theoretical discussion. The first is the derivation of the final formula of the capil-
lary force based on the constant liquid volume assumption. The parameter Gy in the final formula,
equation (3.18), clearly gives a meaning to the thickness of the surface liquid layer. The se‘cond is
the definition of the theoretical lateral resolution of PPM. The third is the introduction of a new
concept, ramp-to-contact (RTC), which has significant differences from the conventional jump-to-
contact (JTC), and the theoretical analysis that leads to the establishment of the conditions in which

JTC and RTC occur.
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CHAPTER 4
EXPERIMENTAL APPARATUS
Introduction

To perform experiments that are able to study tip-sample interactions at nanometer scale, a
complex instrumental arrangement is needed. A new PPM system was designed and built to oper-
ate simultaneously with a scanning electron microscope. The system allows the PPM tip to be po-.
sitioned precisely over a sub-micrometer scale feature. Next, a feedback control technique, which is
the vibrating cantilever modé (VCM), was used to maintain a gap at nanometer scale between the
tip and the sample. To measure the electrical potential changes, an additional feedback loop was
built based on the traditional Kelvin method. During the research of this thesis, three types bf high

aspect ratio AFM probes were used. '

Desien of the Combined PPM/SEM System

An important area of application of PPM is the semiconductor industry. The sizes of the elec-
tronic devices are getting smaller each year. By the year 2007, the minimum feature size i§ ex-
pected to reach 0.1 micrometer.* In order to locate the device of interest to inspect w1th aPPM, a
proper ranging technique must be used. In the p‘ast,,the_‘ optical microscope waé. the only practical
ranging tool. When the feature gize is smaller than one micrometer, which is beyond the resolving
power of the optical microscope, the PPM itself must be used to scan a larger area and zoom in to

locate a small feature. This would significantly increase the imaging time. When the sample is po-
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rous and not guided by any ranging tool, the PPM will fail because the tip is most likely to get into
a hole and not able to engage a surface. The solution is to develop a PPM with the scanning elec-

tron microscope as its ranging tool.

Design Objectives of the Instrument

For a PPM/SEM system to be practical, the following requirements must be met. It must be
able to perform both STM and AFM imaging. For the AFM, both the continuous contact and vi-
brating cantilever modes must be available. The optical deflection detection method can meet this
requirement. It should be able to operate simultaneously with a SEM. To perform electrical meas-
urements, both the tip and the sample bias mﬁ;t be electrically controllable.

Figure 4.1 shows the basic configuration of the instrument. To place the area of interest under
the PPM probe, two levels of translation stages are needed. First, the secondary translation stage
" moves the PPM probe to the center of the SEM field of view. Then, the primary translation stage
moves the sample under the PPM probe, so that the area of interest can be located on the sample
surface. The tip must be directly visible by the SEM to allow accurate positioning of the tip to sub-
micrometer areas of interest; that is, view of the tip must not be bl§cked.

To increase operational efficiency, both the tip and the sample should be replaceable without
breaking the vacuum of the main SEM chamber. Since the tip can be damaged in various continu-
ous contact or periodic contact modes,” it is important to monitor the condition of the probe tip
before and after PPM operation with the SEM. To achieve angstrom scale resolution, a vibration-
isolation system must be integrated into the combined PPM/SEM system. A new PPM/SEM sys-
tem was designed and built by the author of this thesis that completely fulfilled the above require-

ments. 1
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SEM Objective Lens
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Figure 4.1. Configuration diagram of the PPM/SEM combination system.
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Overview of the Instrument

This new PPM was built on a Hitachi S-4100 FE-SEM. The original sample stage of the
SEM was removed and the PPM stage was then installed on the same port. Figure 4.2 is a diagram
showing the PPM mounted to the SEM specimen chamber, while Figure 4.3 shows a photograph of
this instrument pulled out of the vacuum chamber.

The PPM is built on a rectangular flange, which in turn is mounted to the SEM's specimen
chamber. On the vacuum side, a framework is built to hold the PPM stage, which supports the
PPM head. The framework is also designed to provide clearance for the electron gun, the secon-
dary electron detector, and the energy dispersive X-ray (EDX) analyzer.

A load-lock chamber is built on the atmospheric side of the rectangular flange, with the pri-
mary purpose of enabling fast tip and sample replacement without ‘breaking the vacuum of the
SEM specimen chamber. The SEM specimen chamber is separated from the load-lock chamber by
a gate valve through which the whole PPM head can be moved to the load-lock chamber. After in-
troducing air into the load-lock chamber through an exhaust valve, the cover of the load-lock
chamber can then be pulled open to provide access to the PPM head. In this position, tip, sample
and scanners can be replaced, and the AFM’s laser can be aligned.

To allow optimal SEM viewing of both the sample and the tip of the PPM probe simultane-
ously, the sample is placed at 45° relative to the electron beafn, and the PPM prébe is perpendicu- -
lar to the sample surface. This arrahgement can be éeen in Figure 4.1. To position the PPM tip and
sample to their operating positions requires two stages of translation. The secondary translation

moves the PPM head relative to the electron beam, and the primary translation moves the sample

relative to the PPM tip.
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Figure 4.2. Diagram ofthe PPM integrated with a scanning electron microscope.
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Figure 4.3. Picture of the PPM unit removed from the SEM specimen chamber.
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PPM Head

Figure 4.4 shows the basic structure of the PPM head, which consists of the scanner (STM or
AFM), the AFM force sensor, the sample translator (the primary XY), and tip-sample gap control
(the primary Z). The PPM head can perform either STM or AFM imaging. Both STM and AFM
pre-amps are built into the PPM head. In order to switch between STM and AFM, only the scanner
needs to be exchanged. |

The AFM force sensor is of the laser deflection detection type.”® The laser system that is built
into the PPM head consists of a semiconductor diode laser, the primary deflection mirror with
controllable angle, the secondary deflection mirror with fixed angle, and the photosensor. The angle
of the primary deflection mirror is controllea by-a DC motor and a pair of limit switches. The sec-
ondary mirror deflects the laser beam to and from the cantilever, for the purpose of deflecting the
laser optics away from the electron beam, allowing the SEM viewing of the PPM tip. This design
allows us to work at reasonably short SEM working distances. Figure 4.4(b) shows the geometry
of the AFM laser deflection detection optics. The length of the optical lever is 36.5 mm.

The PPM head consists of two major assemblies, the top assembly and the bottom assembly
_ (Figure 4.4a). The PPM probe is mounted to the top assembly and the sample is mounted to the
bottom assembly. The top assembly is supported by the bottom assembly through three fine-pitch
scréws (7 and K) that are used to adjust the spacing between these two assemblies. Since the PPM
head is held at 45° relative to gravity, the top assembly and bottom assembly of the PPM head are
held together by four heavy force springs. Changing the spacing between these two assemblies
change§ the tip-sample gap, which is controlled by two manual thumbscrews (J) for coarse ap-
proach and one motorized screw (K) for fine approach. An optical eye loupe can be placed on the
PPM head to monitor the coarse tip approach. In the fine approach, the top assembly of the PPM
head pivots on the thumbscrews (J). The direction of the linear movement of the motorized screw is
opposite to the movement of the tip. The reduction ratio of the tip approach, which is the ratio of

the linear speed of the motorized screw to the speed of the tip approaching the sample, is 2.8 to L.
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Top
Assembly

Bottom |
Assembly

(a) The design of the PPM head.

Secondary Mirror

Laser
Primary
M i A .
rrot Cantilever
The Optical Lever
Photosensor

(b) The AFM laser deflection detection optics.

Figure 4.4. The PPM head. (A) laser diode, (B) deflection mirror,
(C) secondary mirror, (D) photoelectric sensor, (E) Sample, (F)
piezo tube, (G) AFM scanner, (H) STM scanner, (I) primary XY
translator, (J) manual adjustment screw, (K) motorized screw, (L)

DC motor.
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Both circuit boards for the STM and AFM pre-amps are built into the PPM head. The short
distance i)etween the pre-amps and the probe helps to reduce electrical noise. This arrangement
also makes it easy to perform AFM topography and electrical conductivity imaging simultane-
ously. When performing surface electrical conductivity imaging, the metal-coated AFM probe is
electrically connected to the input end of the STM pre-amp to measure the current flow between

" the tip and the sample.

Piezoelectric Scanners

InaPPM, a piézoelectric scanner is used to create a raster scanning motion between the tip
and the sample. The scanner uses piezoelectric ceramics to convert electrical voltage to mechanical
motion. (The term ,piezoelectric ceramic is usually abbreviated to piezo.) In this system, the scan-
ner is of the single tube scanner design, which uses a piece of tube-shape piezo; a design commonly
used in PPM.* The reason for using the tube scanner is its compact size and small scan range for
high-resolution imaging. In this system, the tip is scanned and the sample is fixed. In the AFM
scanner, the cantilever is scanned while the laser system maintained stationary.® The scan range is
limited to less than 6 pwm to keep the majority of the laser spot maintained on the cantilever. The
advantage of .the tip-scanning technique is that the relationship between the scan plane and sample
surface is controllable.”’ The piezo is completely shielded by the stainless steel base and a stainless
steel cover to prevent the voltage changes on the piezo from distorting SEM’s electron beam. These
‘two metal parts (base and cover) are electrically connected by a spring washer made of beryllium

copper. The probe holder for AFM cantilevers or STM tips is situated on the top cover. The probe
holder is electrically isolated from the metal shell by a layer of Torr Seal®. On the AFM scanner, a

cantilever is mounted by a spring clip. A bias voltage can be applied to the cantilever for scanning
Kevin-probe force microscopy (KFM) and electrical conductivity imaging. The STM scanner in-

cludes a metal tube to mount the STM tip which is made of a tungsten wire.
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Sample and Probe Replacement

Samples, probes, and scanners can be replaced without breaking the vacuum of the SEM
specimen chamber. In this scanning-tip design, the sample is mounted on top of the primary trans-
lator and the probe is mounted on the scanner, which is plugged into the top assembly of the PPM
head. The movable PPM head can be operated in either the main chamber position or the load-lock
chamber position.

Both the main chamber and the load-lock chamber are equipped with docking stations. When
the PPM head is in the SEM specimen chamber, it is mounted on top of the microscope stage with
a kinematic design.”> When the PPM head is in the load-lock chamber, it rests on a sliding plat-
form. It is transferred along the sliding platform between the two chambers by a load-lock rod.

The PPM head can be operated in either chamber. The electrical cables that drive the PPM
are connected to both chambers, with an internal electrical connection system built into both the
PPM stage and the load-lock chamber. While being transferred from the load-lock chamber onto
the PPM stage, the PPM head is automatically disconnected from the electrical cable on the load-

lock chamber, and automatically connected to the electrical cable on the stage.

Vibration Isolation System

To guarantee sub-angstrom resolution, a rigid foundation is needed for optimal vibration iso-
lation. A rigid framework for supporting the PPM on a set of Viton O-rings is built on the vacuum
side of the rectangular flange (see Figure 4.5). The PPM stage is based on a stainless steel mass
plate, which in turn is suspended from the framework by six Viton O-rings. The O-rings are
stretched vertically with their upper ends hooked to the middle bgr of the ﬁmnéwork and their
lower ends hooked to the bottom of the mass plate. (see Figure 4.5). Together with the rigid foun-

dation, this suspension system provides excellent vibration isolation for sub-angstrom resolution

imaging.
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Viton 0-rings

Viton 0-rings -

M ass Plate Viton 0-rings

Figure 4.5. The vibration isolation system.
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For SEM imaging, the PPM stage must be locked down to remove any sample movement
relative to the electron beam. A locking mechanism built on the framework locks the stage by
clamping the mass plate horizontally with a pair of stainless steel clamps. The movement of the

clamps is controlled by turning a knob on the outside of the load-lock chamber.

Translation Stages

There are two levels of translation in this PPM. The primary X-Y-Z translation system is built
on the PPM head. The primary XY translator moves the sample under the PPM probe while the
primary Z translation controls the tip-sample gap. The secondary X-Y-Z translation system is built
on the PPM stage. The secondary XY moves the whole PPM head horizontally relative to the elec-
tron beam. This allows the PPM tip to be moved to the center of the field of view of the SEM. The
secondary Z translation adjusts the working distance of the SEM. In normal operation, the PPM
probe is first moved to the center of SEM view by the secondary translation. Then the area of in-
terest on the sample is moved to the PPM probe by the primary XY stage.

The primary XY translator is of the inertial piezoelectric drive type.® It has nanometer scale
translation steps, extremely high translation speed, zero backlash and no jerking. This translator is
also rigid enough for sub-angstrom scale imaging. The XY travel range of this translator is 6.3 x
6.3 mm. The primary Z motion is driven by a DC motor through a set of 1:2 miter gears. The Z
travel range is 6 mm. |

The secondary XY translation moves the whole PPM head, and was tested to be able to carry
a load as large as 20 kg. Each axis of this translator is driven by a DC motor, with the travel range
of 11 mm and minimum step size of about 0.1 pm. Since the field-of view of the SEM can be
shifted in a range of +10 pm, the PPM tip can be moved to the center of the SEM’s field-of-view
easily.

The secondary Z translation ig mainly used to reduce the working distance for the SEM in or-

der to increase the SEM resolution. The range of working distance for the Hitachi S-4100 type
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SEM is between 14 mm and 25 mm. The secondary Z motion is generated by three fine-pitch
screws. They are synchronized by a drive train that is able to move a load of 6 kg at a speed of 33
mm/min. A built-in photoelectric position sensor monitors this translation, preventing the PPM
from crashing into the SEM objective lens and allowing the PPM stage to return precisely to the

load-lock position for transferring the PPM head.

Control System

This PPM is controlled through a TopoMetrix electronic control unit (ECU) and a specially
designed electronic control system. Figure 4.6 show the schematic of the electronic control system.

The PPM stage contains both motion generation and motion sensing devices. It includes two
sets of XY and Z motions and a motorized primary mirror rotation for the AFM. The primary mir-
ror rotation and the secondary Z motion have motion-sensing devices associated with them.

When working in vacuum, it is difficult to know the angular position of the AFM primary
mirror, which is rotated by a DC motor. A set of mirror rotation limit sensors, consisting of two
electrodes, one on each end of the mirror’s rotation, was built into the PPM head. When the limit is
reached, the electrode is grounded,_providing the limits of the mirror rotation. The secondary Z
position is also hard to determine when the system is inside the SEM chamber. Therefore, a photoe-
lectric position sensor is built on the PPM stage to monitor the secondary Z position. With this sen-

sor, the PPM stage can be moved precisely to the load-lock position.

Direct Probe Viewing

Since the PPM probe is at 45° relative to the electron beam, the tip condition and tip-sample
interaction can be monitored with the SEM. For AFM probes, in order for the probe tip to be visi-
ble, the length of the probe must be greater than half the cantilever width, or the shape of the end of
the cantilever needs to be redesigned so that it does not block the probe tip vie\&. This tip-viewing

requirement is achieved by the VLS silicon probe.




Figure 4.6. Schematic diagram of the electronic control system.
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Besides viewing the tip at 45°, another tip viewing position is built into the PPM head. From
the normal working position, a PPM probe can be rotated to a horizbntal position, where the tip is
perpendicular to the e-beam. In this position, the sharpness of the tip can be easily inspected.

Figure 4.7 shows two examples of different tip conditions of silicon probes.

Testing the Performance of the PPM/SEM System

Qperation in Vacuum

The most critical issue in vacuum operation is the change in the photoelectric detector signal
when moving the PPM into vacuum. The signal changes depend on whether the PPM head is in air
or in vacuum. The change in the photoelectric detector signal is most obvious during the initial
chamber evacuation, and indicates that some extra cantilever bending occurs.

There are two major causes of the extra cantilever bending. The first cause is the temperature
change of the cantilever, because the cantilever always undergoes some heating from the laser
beam. Since heat dissipation in vacuum is much lower than in air, the cantilever will heat up to a
higher temperature. For silicon nitridé cantilevers, the top side ié metal coated. Because of the bi-
material structure of this kind of cantilever, different temperatures generate different degrees of
cantilever bending. For single-crystal silicon cantilevers, this effect is not noticeable.

The second cause is surface charging, that occurs during the evacuatién, which produces an
extra electrostatic attraction force onto the cantilever. This mainly occurs on insulating or semi-
conducting samples, because the conductivity of these materials is not large enough to neutralize
surface charges in a short time. It affects both silicon nitride and silicon cantilevers. The charge-
induced bending occurs gradually, indicating gradual charge build-up. After a long time, the
charges are neutralized and the cantilever deflection is reduced. The static attraction can make the
cantilever move 10 to 100um. If the tip is too close to the surface, this could cause severe tip dam-

age when the tip crashes into the sample.




Figure 4.7. Examples of different tip conditions of a type of
commercially available silicon AFM tip. (a) A tip that was not
etched completely, (b) A regular sharp tip.
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Working in vacuum also brought up the potential problem of overheating the laser diode.
‘When the temperature of the laser diode increases, its output power drops dramatically,* and could
be reduced to the point that the AFM is not able to function. After improving the heat dissipation
of the laser diode, the reduction of the laser total intensity was measured to be less than 3% over 14

hours of continuous operation in vacuum.

Simultaneous PPM/SEM Operation

Since SEM interference on the AFM is generally small, these two microscopes can be oper-
ated simultaneously. The laser of the AFM does not affect the SEM’s operation. However, it was
observed that the electron béam injects 60 Hz noise into an AFM image when .the SEM was
zoomed-in td the cantilever so that the SEM’s field of view was completely blocked by the back
side of the cantilever. In such a high SEM magnification (~10k), with the AFM cantilever covering
the entire SEM’s field of view, it was also observed that an additional force was applied to the
cantilever when either the SEM’s acceleration voltage or magnification was changed. Further re-
search is needed to understand the mechanism of this electron-beam effect.

On the other hand, the electron beam of the SEM can create major problems for the STM.
The hydrocarbon contamination on the sample surface, which is induced by the electron beam,®
can greatly affect the tunneling current. When the STM is in operation, the feedback electronics
controls the Z piezoelectric ceramic so as to keep the tunneling current at its set point, but the
contamination induced by the electron beam can greatly reduce the tunneling current. When this
occurs, the feedback electronics, in an attempt to maintain a constant tunneling current, can drive
the STM tip into the samplé and crash the tip. However, if the contamination is minimized, then it
is possible to opérate the STM normally with the SEM. In general, to minimize electron beam-
induced contamination, the SEM should be operated with higher acceleration voltage and lower

magn.iﬁcation.66 When running this particular STM, the appropriate setting of SEM acceleration
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voltage should be more than 10 kV, the magnification of the SEM should be set to less than

1000X, and the imaéing time should be minimized.

Agmg of Piezoelectric Scanner

It has been observed that the maximum scan range of the tube scanners decreases over time.
The cause of this scanner-aging problem is due to the aging effect of the piezoelectric ceramic,
which is the reduction of the piezoelectric constant over time. There are two major causes of piezo
aging. The first is relaxation, which causes relatively small range reduction and will eventually
stop. The second is fatigue, which can cause dramatic range reduction and will get worse as the
scanner is used.

To explain piezo relaxation and fatigue, we need to look into the working mechanism of the
piezoelectric ceramic, which consists of many micro-crystals called “grains”, and the matter among
them called “grain boundary”. The grain boundary is basically a material defect, which can easily
trap unbalanced charges. This is the origin of the “space charge”. When the temperature of ceram-
ics is dropped to room temperature in the fabrication process of the ceramics, the ceramics go .
through a phase transition (from paraelectric phase to ferroelectric phase). In ferroelectric phase,
spontaneous polarization appears in each single cell of the grains.”’ This process causes the first re-
distribution of the charge. Although all the charges are stable, a large number of unoccupied elec-
tronic states, having even lower energy, exists‘ in the ceramics. Therefore, these space qharges are
“not-so-stable”.

After the poling process, each of the micro-grains has its own polarization that can be viewed
as a single dipole moment. Each of these dipoles are oriented differently. When a small voltage is
applied to a piezoelectric ceramic, only the magnitude of these dipoles changes. When a large volt-
age is applied, the micro-grains will rotate so their dipoles line-up, as much as they can, with the

external field. Usually, the rotation can be restored when the external field is removed. However, if
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excessive stress is also applied to the ceramic, microscopic cracks will develop inside the material,
which is fatigue.

In general, when a new condition (such as voltage, stress) is applied to the ceramics, internal
changes occur in the material. These are, (1) relaxation: The space charges move to a lower energy
state under applied voltage or stress; (2) fatigue: Micro-cracks developed under applied voltage or
stress. This physical changeﬂ creates new space charges and also creates new states with lower en-
ergy for the space charge.

When a space charge moves from a higher energy state to a lower energy state, it reduces the
total polarization of the ceramics. Therefore, the piezoelectric constant is reduced, and scan range
is reduced. Because ceramic is an insulator, the movement of charges to their lowest energy states
can be very slow.% For the relaxation process, external forces can speed up the process. Therefore,
the scan range can reach a stable value quickly. For the fatigue process, since new space charges
are generated, external force will make the problem worse.

The diameter of the piezoelectric tubes used in this PPM system, D, is 0.25 inch. Two kinds

of piezoelectric tubes of different lengths (L = D, and L = 2D) were used. Compared to the short

. . . . 4R
scanner, the long scanner has a much larger bending angle. The bending angle is @ = sin l(zj s

where R is the intrinsic scan range and L is the effective piezoelectric ceramic length. Since fisa

R . .
small angle, we have, 8 = -Z For the tube-shaped ceramic, the scan range is R « L% Therefore,

we have 8o L. For each tube-shaped ceramic, the d;aad zone on both ends is about 0.03 inch long.
ﬁe effective length of piezoelectric ceramic for the short scanner is 0.19 inch (4.8 mm). The ef-
fective length ‘o‘f piezoelectric ceramic for the long scanner is 0.44 inch (11.2 mm). Therefore, the
bending angle of the long scanner is about 2.3 timés of the short scanner. The internal stress of the

long scanner is much greater than the short scanner.
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After one year of operation with maximum operation voltage, the scanners with long piezos
showed a range reduction of 20%-40%. The scanners with short piezos éhowed about a 10% re-
duction in maximum scan range. If there is only the relaxation process, the range reduction should
be similar. The difference in scan range reduction showes that the long piezos had significant fa-
tigue. To ensure the piezoelectric tube has less scan range reduction due to fatigue, a design criteria
for selecting the dimensions of the scanning tube is to use a tube with L < D. If a long tube needs to

be used, then the operational voltage must be reduced to minimize the bending angle.

Vibration Isolation and Atomic Resolution

To demonstrate the effectiveness of the built-in vibration isolation system, atomic resolution
imaging was tested with highly-oriented-poly-graphite (HOPG). Both AFM and STM images were
acquired (Figure 4.8), with imaging time of about 20 seconds. The AFM is performed in the con-
tinuous contact mode (no cantilever vibration). Because of the strong tip-sample interaction, the
AFM image is not the true atomic image, instead it only contains information of the symmetry of
the surface lattice. On the other hand, the STM is capable of achieving single-atom tunneling under
ideal conditions, which makes true atomic resolution possible. Since there is no surface contamina-
tion existing between the tip and the sample when operating in vacuum, single atom tunneling is
possible with a sharp STM tip. True atomic resolution images were acquired on HOPG in vacuum
with STM (Figure 4.8b), which shows the well known honey-comb structure unattainable in air.

The system noise spectrum was analyzed in the frequehcy range of 0 to 2 kHz. The PPM
probe was brought to the sample, and the noise spectrum of the photodiode signal or tunneling cur-
rent was measured (see Figure 4.9). There is no obvious peak in those spectra. This indicated that
the system is very stable. The Viton O-ring and heavy mass vibration isolation, along with the vac-
uum and the SEM chamber, provided a very quiet environment for the PPM, with an rms noise

equivalent to 0.02 nm of vibration.
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Figure 4.8. Images of highly-oriented-poly-graphite (HOPG) acquired
in the SEM. (a) AFM force image. The field of view is 30 A. (b) STM
tunneling current image. The field of view is 12 A. The bias voltage
was 50 mV. The tunneling current was | nA.
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Studies of Tip Conditions

The probe tip condition is very important to the quality and repeatability of PPM imaging. A
degraded tip can reduce image resolution and produce imaging artifacts. There have been reports (;f
degraded tips causing changes in surface roughness measurements& With this instrument, the
SEM can be used to monitor the tip condition of a PPM probe, identifying bad tips to help reduce
PPM image artifacts.

Figure 4.10 shows the condition of a VLS silicon AFM tip before and after imaging a very
rough aluminum graiﬁ sample. The near-contact mode AFM image is shown in Figure 4.11. The
line profile on the bottom is plotted for X and Z to be the same scale. In this way the slope on the
line profile represents the actual slope measured by the AFM tip. From this line profile, we can see
that the largest slope of the grains measured is about 70°. From the SEM image, the tip radius is
about 20 nm. Although the sample is very rough, no change on the tip was observed before and
after the near-contact imaging operation, which gives high reliability to the topographic image

shown in Figure 4.11."

Locating Sub-micrometer Features

To study a feature. that is less than one micrometer in size, it is not possible to use an optical

microscope. With the AFM, one can always make a large arca survey to look for sub-micrometer
features. However, this would take a lot of time. With the SEM, one can make use of its high
resolution and high scan rate to quickly locate a hard-to-find sub-micrometer feature.

To study the early stage of the development of cracks in a structural ceramic material, a ce-
ramic cross-section sample was imaged, to look for the micro-cracks on the surface, which were
about a fraction of a micrometer wide. These micro-cracks were not visible under an optical micro-
scope, and they were not numerous. The only clue was that they might be by the side of a larger

crack.

]
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Figure 4.10. SEM micrography of a silicon VLS AFM tip before (a) and after
(b) usage. The image on the right hand side is the enlarged tip area of the left
hand side image. The increase of the magnification is ten times. The scale bar
on the bottom is for the image on the left hand side. For the right hand side
image, each division represents 66.7nm.
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Figure 4.11 Near-contact AFM image of an aluminum grain sample. There are
two deep scratch marks (A) and one shallow scratch mark (B) in the image area.
The image size is 1.6 pm x 1.6 pm. The image was acquired in air. The

cantilever vibration amplitude was 2 nm.
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To study this sample, the AFM tip was moved to the center of the SEM field of view by the
secondary XY translator. A large crack was observed on the sample (Figure 4.12(a)). Then the
sample was moved by the primary XY translator to search along the crack (Figure 4.12(b)). Before
long, a couple of micro-cracks were found (Figure 4.12(c)). A continuous contact mode AFM im-
age was acquired on these micro-cracks (Figure 4.12(d)). The time that was used to complete this
sequence is about 20 minutes. In the AFM image, the quarter-micrometer wide crack (A) on the
right side can be clearly seen in the SEM image (Figure 4.12(c)). Another smaller crack above this
one (B) can also be seen in the SEM image. However, the fine grain structure on the ceramic sur-

face is not visible in the SEM image.

Vibrating Cantilever Mode AFM System

System Structure

In the vibrating cantilever mode (V CM) operation, the AFM cantilever is set into vibration by
a modulation voltage applied to the piezoelectric ceramic that supports the cantilever (see Figure
2.4). Normally, the modulation frequency is set near the resonant frequency of the cantilever in
order to make use. of the high Q-factor of the cantilever to increase force sensitivity. The vibrating
cantilever causes the photosensor output signal to oscillate at the same frequency, which is then
sent to the input of a phase-locked loop.” Two kinds of output signals can be obtained, the ampli-
tude signal and phase signal.

The VCM measurements were made with a TopoMetrix modulation unit capable of amplitude
and phase detection. Figure 4.13 is a block diagram of the electronics. Figure 4.14 illustrates a
typical frequency response of a silicon cantilever used in this paper. The.frequency used for scan-
ning was selected from the computer display of the vibration amplitude verses frequency. Accord-
ing to equation (3.33), the vibration amplitude of the probe at resonance, A,,, can be calculated by

An=QpA., (4.1
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Figure 4.12. Studies of micro crack in ceramic, (a-c) SEM images; (d)
an AFM image. The size ofthe AFM topographic image is2 x 2 pm.
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Figure 4.13. Diagram of the electronics for operating the vibrating cantilever mode AFM.



Figure 4.14. Selecting an operation frequency.
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where Q is the quality factor of the cantilever, p is the piezoelectrid gain of the modulating piezo .

(in distance/voltage), and A. is the amplitude of the driving AC voltage.

Amplitude Detection Mode. One of the detection methods used in VCM is to detect a change

in vibration amplitude, which is a result of the change in resonant frequency (Figure 2.4). The

resonant frequency of the cantilever is

1 1% * ‘
fo=—.—, 4.2)
2\ m,

where k, = k, + dF/é% is the effective spring constant, m, is the effective mass, o is the spring

constant of the cantilever, and JF/é is the force gradient in the normal direction of the sample sur-
face due to tip-sample interaction. When the tip-sample gap ims sufficiently large, we have &F/2 =
0. Under normal conditions, such that only the van der Waals interaction exists, the tip-sample in-
teraction appears to be more and more attractive when tip-sample gap is reduced, that 18, OF/c <
0. From equation (4.2), this force gradient reduces .the effective spring constant of the cantilever,
which reduces the resonant frequency of the cantilever.

In the VCM operation, the modulating piezo is applied with an AC voltage with constant
driving frequency, fp. Since fp is originally set near the original resonant frequency (b = /o) and
A(f) is the maximum amplitude, when the resonant frequency decreases, that is, o’ < fp , we have
A1f) < A(fp). That is, a reduction of tip-sample gap causes a reduction of cantilever vibration
amplitude. A stable feedback condition can be reached by setting the feedback set point to a cértain

amplitude value.

Phase Detection Mode. The phasfe -detection mode is similar to the amplitude detection mode.

In this mode, the photosensor signal, V», is multiplied by the driving signal, ¥p, which modulates

the cantilever. We have
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Vy = ¥, cos(w ) ' 4.3)
and

V, =V, cos(wt+ ) 4.4)

where ¢ is the phase shift between the two signals. The multiplication of these two signals gives

V,V, =V, V, cos(wt)cos(wt + @)

= 17;,7},(cos2 @tcosp—sinw?cosw tsin (o)

= V—Dzvi[cosq) +cos(2w? + @)} 4.5)
When the double-frequency term is filtered and the vibration amplitude maintained constant, the
DC term in equation (4.5) is only a function of the phase shift betwéen the two signals. Since the
phase shift is independent of vibration amplitude, this mode is especially useful for small-amplitude
operation, in which the amplitude mode would have too low a signal-to-noise ratio for reliable
measurements. In this mode, the signal goes through a phase-locked loop. Since only the signal of

the same frequency as the driving signal is amplified, it suppresses the noise of other frequencies.

System Performance

To determine optimal operating conditions, the transfer function” of the demodulator, which
is the relation between the input signal amplitude and the output signal at various frequencies, is
measured. Because of the intrinsic nonlinearity of electronic components, the linear region -of the
transfer function is limited. When the amplitude of the input signal is smaller than V., the de-
modulated signal is proportional to the input signal amplitude. When the input amplitude is greater
than Vo, severe nonlinearity of the transfer function occurs. Since the nonlinear transfer function
will cause significant imaging artifacts or unstable feedback, attenuation must be added to the in-

put of the phase-locked loop when the input amplitude is too high.
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The system operating frequency is from 50 kHz to 500 kHz. Figure 4.15 shéws the transfer
function in the amplitude mode, which was measured by using the internal frequency generator as
the test source. The frequency and driving amplitude were all controlled by the software. For
higher operation frequency, the demodulation output will be saturated for a smaller input signal.
For example, when the working frequency is 180 kHz, the output will saturate for an input signal
of 0.2 V. When the oscillation amplitude of the vibrating cantilever is greater than 20 nm, the sig-
nal from the photodetectdr is too strong. In this case, an extra attenuation circuit must be added to
the input end of the modulation unit to keep the demodulator working in its linear range.

Figure 4.16 (a) is a typical amplitude signal of a resonance peak. For a normal driving ampli-
tude there should be only one peak, which is the resonance peak of the cantilever. When the dnvmg
amplitude is large enough, other mechanical resonance of various components of the structure that
supports and modulates the cantilever can be detected. Since these resonance modes have much
smaller Q-factor, the resonance peaks are much smaller than the resonance of the cantilever, and
can only be detected when a large amount of energy is transferred to the modulafing piezo. If a
large number of peaks are seen in the frequency spectrum, it is a good indication that the driving
amplitude is too large. In this case, other parts of the scanner assembly are in resonance, which is

not desirable. Figure 4.16 (b) shows the phase signal of all four quadrants.

Operation in Vacuum. Under vacuum, since the air damping no longer exists, the Q-factor of

the cantilevers will increase dramatically, by about 100 to 1000 times. Although this could, in
principle, increase sensitivity of the force sensor, the stability of the system will get worse. The
proper detection method for VCM operation under vacuum should be amplitude detection. Since
the Q-factor is very large in vacuum, the phase signal is very unstable. Given the inevitable large

vibration amplitudes in vacuum, phase detection is also not necessary.
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Figure 4.15. Transfer Amction of the control electronics in amplitude mode.
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Figure 4.16. Frequency spectra of amplitude and phase signals.



91

Because the Q-factor is too high to have a stable peak, setting the driving frequency at the
peak is not possible. A tiny fluctuation in the frequency generator can cause dramatic change in the
vibration amplitude. To maintain stability, the drive frequency is set at a position greater than the
resonant frequency/* (>fo), which is illustrated in Figure 4.17. ldeally, we should try to make the

drive frequency, 7*,, satisfy the condition,

= The maximum slope in air <7 () (4.6)
df df

I=1*
where AVZ) and Ad/) are the amplitude spectrum in vacuum and in air respectively. Because the
operation at the maximum slope is stable in air, operating on the same slope in vacuum should give

the same performance for the feedback electronics.

(a)in air (b) in vacuum

Figure 4.17. Selecting the drive frequency for vacuum operation.
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Figure 4.18 shows a pair of VCM images acquired in air and in vacuum on an aluminum film
sample. The sample was first imaged in air in the load-lock chamber. Then the load-lock chamber
was evacuated and the image in vacuum was acquired 26 minutes later. The change of environment
caused some drift in the AFM’s field of view, which can be seen by location change of the same

surface grain indicated by the white arrows.

Double-Feedback-Loop Surface Potential Sensing System

For Kelvin probe force microscopy (KFM), a double-feedback-loop system was set up by two
modulation units. Figure 4.19 shows the system diagram. Figure 4.20 shows the actual wiring of
all the electronic units with the combined PPM/SEM system. The first modulation unit drives the Z
piezo (or a separate modulating piezo) to generate the vibration of the cantilever. This feedback
loop senses the resonant frequency change of the cantilever. It controls the Z piezo voltage to
maintain a constant tip-sample gap: The Z piezo voltage generates the topographic image.

The second modulation unit applies the AC bias voltage onto the cantilever after the first
feedback loop is established. It operates at a different frequency. It controls the DC bias on the
cantilever to maintain the minimum phase shjﬁ. Thus, the electrostatic interaction between the tip
and the sample is minimized. The DC bias voltage generates the surface electrical potential image.
When scanning, these two feedback loops operate together. The topographic and potential images

are generated simultaneously.

Potential measurement

To verify the proper operation of the potential imaging system, a method of calibrating the
electrical potential was used. In this method, a metal coating sample was used to form a uniform
surface potential, and a bias voltage was applied to this sample to create an adjustable electrical
potential. During imaging, a sample bias voltage was manually changed every ten scan-lines by a

step size of one volt.
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Figure 4.18. Vibrating cantilever AFM images acquired in
two environments: (a) in air; (b) in vacuum. The sample is an
aluminum film on silicon substrate.
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Figure 4.19. Diagram of the double-feedback loop surface potential sensing system.
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Figure 4.20. Wiring diagram of the surface potential imaging system.
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Figure 4.21 shows the two simultaneous}y acquiréd images of surface topography and sur-
face potential. The topography image shows a large number of small peaks about 15 nanometers n
height, which are the results of the metal deposition process. The topographic image also reveals a
piece of dust that is 100 nanometers in height. Although the surface potential was changed every
ten lines, the topography showed no effect of such change. On the other hand, in the potential im-
age, no obvious topographic features (even that outstanding piece of dust) are visible, which indi-
cates that the cross-talk between the two feedback loops is minimal.
The maximum range of the DC bias used in the above measurement was 5 V. Since there is
a small negative zero point offset, the potential signal overflows at -5 V sample bias. This caused
the topographic feedback loop to not work properly. The instability in the topographic image can
be seen on the scans indicated by the arrows on the sides of the images. From the potential image,

the “surface roughness” measurement shows that the noise floor for the potential measurement is

about 7 mV.

Spatial Resolution

To measure the spatial resolution of the potential image, an ideal sample should have a known
microscopic potential structure at nanometer scale and .without associated topography. However,
such a sample is not available. Another method is to use a macroscopic structure having a sharp
edge of potential change. By imaging a potential step, the spatial resolution can be estimated.

Figure 4.22 shows an example of macroscopic potential edge. The sample is a cross-section of
a semiinsulating GaAs substrate with MBE grown overlayers. The interface is vertical across the
image, where the left is the substrate and the right is the overlayer. A line profile is extracted from
both the topographic and surface potential images. From the shape of the line profiles, we can see
that the change of surface potential (in a step) is diffe.rent from the change in topography (in a
slope). This observation is important in the sense that the poteﬁtial step is not due to the crosstalk

between the two feedback loops, since the crosstalk would make both images look alike.
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Figure 4.21. Testing the potential measurement.
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Figure 4.22. Spatial resolution of KFM
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From the width of the step in Figure 4.22(b), we can estimate the spatial resolution to be
about 50 nm. There are also a number of small features in the potential image that may be used to
estimate the spatial resolution. However, since they have similar sharpness as the features show up
in the topographic image, we can not rule out that they contain the effect of feedback loop cros-
stalk. Therefore, they are not used to estimate spatial resolution.

Operation Parameters

To minimize the crosstalk between the two feedback loops, the frequency difference between
the two loops should be greater than the bandwidth of the PLL. However, when the driving fre-
quency is too far away from the resonant frequency, the sensitiﬁty will be reduced dramatically.
Sometimes, when the cantilever Q-factor is too high, a smaller frequency difference has. to be used.

This could increase the crosstalk between the topographic signal and the potential signal.

AFM Probes

An AFM probe, consisting of a cantilever and a tip, is the central device for AFM. High qual-
it.y images rely on high-quality probes. A number of these cantilever-based AFM probes are com-
mercially available in different materials, spring constants and resonance frequencies for different
applications. Three different types of probes were used in this research: silicon nitride, single-

crystal silicon, and vapor-liquid-solid (VLS) silicon.

Silicon Nitride Probe

This is the first kind of cantilever produced with the IC technique. These cantilevers are usu-
ally “V” shaped. The length of the cantilevers range from 100 to 200 pm. The spring constant is
usually less than 1 N/m, and the resonant frequency is usually less than 20 kHz. The probes are of
pyfamid shape. Since the cantilever is soft and the tip is tough, this kind of probe is mostly used for

contact mode operation.
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_ The silicon nitride probes initially made from the integrated circuit wafer process are not very
sharp. Their radii are usually greater than 50 nm. A number of tip sharpening techniques were de-
veloped to sharpen the tip, and increase the aspect ratio, at the same time. One is to grow a carbon
tip by a focused electron beam at the end of the silicon nitride tip.”? A focused ion beam (FIB) is

also used to mill down the side of the pyramid to leave a high aspect ratio tip (Figure 4.23(a)).

Silicon Probe

This kind of probe is etched out of a silicon single crystal. The tips are, in general, sharper
than the silicon nitride tip (see Figure 4.23(b)) with radii of less than 5 nm for most of them. The
cantilever is rectangular in shape with a length ranging from 100 pm to 450 um. The resonant fre-
quency of the cantilever can be up to about 1 MHz.

The probes with higher resonant frequencies are used for vibrating cantilever mode (VCM)
operation. Since the silicon tip is not very robust, contacting the surfaces can result in serious tip
damage. In VCM with appropriate operating parameters, the tip can be controlled so that it never

contacts the surface.

VLS Silicon Probe

The tip is grown near the end of the rectangular cantilever by the vapor-liquid-solid (VLS)
method.™ ™ The cantilever for the VLS silicon probe is also a silicon single crystal. The advantage
of these tips is their high aspect ratio and small cone angle (see Figure 4.23(c)), which are impor-
tant characteristics in imaging rough samples or deep structﬁres. The aspect ratio is usually greater
than 10:1 and the cone angle is usually smaller than 10°. Because the tip is long, it also allows tip
Yiewing from the 45° which is important for operafing in the AFM/SEM combined system. With

the capability of 45-degree viewing, placing the tip on top of the desired feature is straightforward.
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Figure 4.23. The AFM probes used in this dissertation, (a) Silicon nitride with FIB
sharpening; (b) Single crystal silicon probe; (c) Silicon tip grown with the VLS technique.
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Summary

The experimental apparatus presented here is mostly for studying nanometer-scale surface in-
teraction. The methods of vibrating cantilever AFM and double-feedback-loop 'surface potential
'measurement are previously published. The totally new experimental apparatus, built in this thesis
work, is the combined PPM/SEM mstrument. It is the first optical-deflection’ AFM built into a '
SEM. Besides that, it is also a full-function PPM, which consists of two levels of XYZ translation
for tip and sample positioning, and is capable of operating both STM and AFM, and their various
_modes. A technique was developed for operating VCM in vacuum, which overcomes the instability
problem caused by the extremely high Q-fa’ctor of the cantilever. A method for calibrating the po-

tential measurement for KFM using a controllable sample bias was demonstrated.
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CHAPTER 5

STUDIES OF AFM LOADING CURVES

Introduction

This is the first chapter that deals with the experimental results on nanometer scale tip-sample
interaction studies. The studies of this chapter focus on the force dependence on the tip-sample
gap. The force-sensing tip of an atomic force microscope (AFM) is mounted on the free end of a
cantilever, which measures the vertical component of the tip-sample interaction force. To study the
tip-sample interaction, the magxﬁtude of the force can be measured while changing the tip-sample
gap. This measurement is called a loading curve, or a force-ajstance curve. All the experiments in
this chapter were performed with this simple method to probe the tip-sample interaction.

An objective of this chapter is to understand the surface contamination'layer that is always
presence on a sample surface in ambient air. Since the surface contamination layer is liquid-liice, it
creates a capillary force that plays an important role in the tip-sample interaction. Studying the
loading curves can provide information about the properties of this contamination layer. A method
used here to study the surface contamination is to compare the loading curves measured in ai.r and
in vacuum. Since the liquid-like contamination layer is removed under vacuum, the comparison
gives us information on the contamination under ambient air.

Studying the surface contamination is critical for understanding the imaging mechanism of

PPM in ambient air. In order for a proximal probe microscope (PPM) to work, the tip must be kept
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at close proximity to the sample surface during imaging, where the contamination on the tip and the

sample will interact with each other.

In the following Experiments section, we will first explain the detail of measuring nanometer
scale force and loading curves with an AFM. Next, we show the method of calibrating an experi-
mental loading curve for theoretical comparison. Then we discuss the meaning of a loading curve.
Finally, we describe the method of comparative measurement in air and in vacuum,

In the Results and Analysis section, we first discuss the reproducibility issue and conclude the
factors that are responsible to the reproducibility problem. Then we show the result of comparing
of cantilevers of different spring constants to demonstrate the condition of JTC, as we have dis-
cussed in Chapter 3. Finally, we describe the fitting of an experimental approach curve with the
theoretical model of capillary force (described in Chapter 3), to obtain the thickness of the con-

tamination layer and the magnitude of the capillary force.
Expertments

Measuring Force with a Micro Cantilever

The cantilever-based optical deflection force sensor uses the bending movement of a micro

cantilever to detect tip-sample interaction force. Figure 5.1 sﬁows the basic structure of this force
sensor. Distance Z is the sample location, relative to the fixed end of the cantilever, whose change
is equal to the piezo movement. D is the amount of vertical displacement of the cantilever free end
due to tip-sample interaction, and G is the a;:tual tip-sample gap used in the theoretical model.

Therefore, we have

G=7-D. G.1)
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Piezo

Sample

Figure 5.1. Diagram of the cantilever bending.

The displacement of the free end of the cantilever is proportional to the force applied to it.®
The optical deflection sensor detects the change of the angle at the free end of the cantilever. Since
the bending angle is small, the angle can be considered to be proportional to the displacement of the

free end of the cantilever. Therefore, we can consider that the force sensor is measuring the vertical

displacement, D . Since the forces between the tip and the sample are mostly attractive before the
tip and sample contact, the cantilever usually bends towards the sample.

Figure 5.2 shows the mechanism of force measurement by the deflection of the cantilever. The
change in tip-sample interaction causes the free end of the cantilever to move. A laser beam is di-
rected to the back of the free end of the cantilever by the secondary mirror, which is then deflected
by the movable cantilever back up to the secondary mirror, the primary mirror, and finally the
photosensor. The photosensor includes two segments, A and B, that can generate electric voltages
depending on the number of photons received. Since the laser beam is focused at the cantilever, and
the beam spot gets defocused at the photosensor so that it covers both segments of the photosensor,
the segments T and B thus generate photovoltage, Va and Fb, respectively. The difference of the
photovoltage, Va-Vb, gives a measurement of the location of the center of the laser spot, which in

turn gives a measurement of cantilever displacement.
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Figure 5.2. Mechanism of force detection with the optical
deflection force sensing system.

Measuring a Loading Curve

When a control voltage is applied to the Z piezo to change the tip-sample gap, the variation in
force can be measured by changes in the difference of the photovoltage, Va-Vb, which produces a
loading curve. The experimental procedure for measuring a loading curve is the following:

1) The tip is brought into contact with the sample surface with the feedback loop on.

2) While maintaining the Z piezo voltage, the feedback loop is turned off.

3) The Z piezo moves the tip away from the sample. At this point, the computer is prepared

to record the force signal.

4) The Z piezo first pushes the tip toward the sample a certain distance, then it pulls the tip
back to the starting point to complete a full cycle of movement. During the tip movement,
the change in Va-Vb is recorded.

Figure 5.3 shows a typical loading curve. The vertical axis represents the force detected by
the cantilever. The zero force is the force value when the tip-sample gap is sufficiently large. The
horizontal axis represents the position of the Z piezo that controls the tip-sample gap. The zero
point, which is believed to be the ideal point where the tip starts to contact the sample surface, is
determined by the point where the force changes from negative (attractive) to positive (repulsive) in

the approach curve.
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Figure 5.3. An experimental loading curve.
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Calibrating a Loading Curve

The vertical axis of a loading curve represents the force experienced by the cantilever. To
calibrate the loading curve, we must first calibrate this force. The relation between the cantilever
displacement, AD, and the force applied to its free end, AF, needs to be determined as

AF = kAD, (5.2)
where £ is the spring constant of the cantilever.

The electrical voltage signal from the AFM force sensor that is proportional to the force needs
to be converted to a number in the unit of newton. This can be done in two steps. First, we need to
calibrate the change m photosensor output signal, AV, with respect to the actual cantilever dis-
placement, AD. That is

AD = gAYV, | (5.3)
where g is the gain factor of the optical deflection force sensor.

The first coefficient, g, can be determined experimentally by bringing the tip into contact with
the sample. To do this, a hard surface sample is used, and we assume that the sample surface is
infinitely rigid. With this assumption, the repulsive force is sufficiently large when the tip conta:cts
the sample, so that the tip-sample gap G = 0. Thus from equation (5.3) we have 4Z = gAV. Since
AZ, which is the Z piezo (iisplacen_lent, and AV are both measurable, the coefficient g can be calcu-
lated.

* The rigid surface assumption can be easily satisfied under most circumstances, because the
". actual iridéntation of an AFM tip to a “hard” sample, such as silicon, is on the order of a few
panometers or le'ss. Compared to thousands of nanometers in cantileve;,r movement, it is reasonable
to assume that the tip-sample gap G = 0, when the repulsive force is great enough. Actually, the

high repulsive region is very linear in most of the experimental loading curves, which indicates that
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Gis truly negligible.

The second coefficient to be determined is the spring constant & of the cantilever. The silicon
cantilevers used for force measurement are rectangular. Their geometric dimensions can be meas-
ured with SEM, and the spring constant can be calculated by’

k= 3ElP, 5.4
where E is Young’s modulus, / is the length of the cantilever, 7 = w’/12, w is the width, and  is the
thickness. Since we have calibrated the displacement measured, and we now have the spring con-
stant, the force can be determined. éombining equations (5.3)-(5.4), the tip-sample interaction
force can be calibrated.

An example of loading curve calibration is shown in Figure 5.4. In an unprocessed experimen-
tal loading curve (Figure 5.4a), the horizontal axis represents the Z piezo position, Z, which can be
directly measured. Therefore, this calibration choice is siniple. However, in theoretical analysis, the
tip-sample gap, G, is commonly used as the independent variable of the force, which would prefer
the horizontal axis in the loading curve to be plotted as the tip-sample gap. From Figure 5.1, we
c;an see that the Z piezo position is the same as the fixed end of the cantilever, and the tip-sample
gap is measured at the free end of the cantilever. Thus the relafion between the Z piezo position and
tip-sample gap is governed by the cantilever displacement, D. Since the cantilever is not a rigid
body, 1t will flex depending on the tip-sample interaction force, which causes the change in Z piezo
position to be different from the change in tip-sample gap. Therefore, this calibration choice is not
straight forward. According to equation (5.1), the. original loading curve can be processed so that

the horizontal axis is G. Since this calibration removes the cantilever deflection effect from a load-

ing curve, we call this loading curve to be cantilever-deflection corrected (Figure 5.4b).




no

-10
Cantilever:
Model 1620-00 Tip #3
Z, Z Piezo Movement (nm)
-10
-15

Cantilever:
Model 1620-00 Tip #3

G, Tip-Sample Gap (nm)

Figure 5.4. An example of loading-curve calibration using a loading curve measured in
air: (@) As measured, (b) Cantilever-deflection corrected from the measured curve in (a).
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Interpreting a Loading Curve

The two most common characteristics of loading curves observed in most of the measure-
ments, shown in Figure 5.3, are the jump-to-contact (JTC) and the adhesive pull back.” These are
the abrupt movements of the free end of the cantilever, in which the free end jumps to a new posi-
tion, even if the other end, which is fixed to the Z piezo, stays at the same position. They can be
quantified by two parameters, Firc and Faa (see Figure 5.3). Frrc is the amount of abrupt force
change in the approaching curve, while Faq, is the amount of abrupt force change in the pull-back
curve, which is also called adhesion.

The origin of these abrupt cantilever movements can be explained by comparing the spring
force of the cantilever with the tip-sample interaction force. When the cantilever moves towards the
sample, the cantilever deflects so that the spring force balances the tip-sample nteraction force,
that is,

[Frs(x)| = [Fsp(x)| = k(x-xo), (5.5)

where Frs(x) is the tip-sample interaction force, Fisp(x) is the spring force due to the cantilever
bending, k is the spring constant of the cantilever, x is the tip position, and xo is the tip position
when the spring force is zero. From Figure 5.5 we can see that when the tip-sample gap gets
smaller, the slope of thé Firs(x) curve increases. When the tip moves from point D to point A, the
rate of increase of |Frs | is small enough so that for whate\./er the change in |Frs |, the spring can
deform to create a large enough |Fsp | to balance the system. That is, the S)'fstem can stay in balance

whenever the derivative,

dFrs(x)/dx < k. (5.6)

However, when the tip moves beyond.the point A, the increase of |Frs | is so large that the increase
of |Fip | cannot catch up. That is, if dFys(x)/dx > k, the balance will be broken. At point A, any in-
crease in cantilever deformation will result in greater |Frs:| ., which in turn deforms the cantilever

further. At that moment, the cantilever’s free end jumps to a new position where dFrs(x)/dx < k, so
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that the cantilever can establish a new balance. When the tip moves to point C from point B, the

reverse mechanism occurs, so that the tip will jump to point D to stay in balance.

D (Tip-Sample spacing)

slope =k

'Adhesive Pull-back

Figure 5.5. Jump-to-contact and adhesive pullback.

In the experimental loading curves, it can be seen that the approach curve and the pullback
curve cross one another. This is caused by the relaxation effect of the Z piezo ceramic. When the
control voltage applied to the Z piezo changes from forward to backward, the forward movement
of the Z piezo is not stopped instantly. This artifact in the experimental loading curve is not easily

removed.77

Comparing Loading Curves in Air and in Vacuum

Currently, most AFMs are operated in air. When operating in air, the tip-sample interaction is
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strongly governed by the contamination layer on the surface. The instability of this contamination
layer may be a source of fluctuation in the loading curve measurement. When the sample is
brought into vacuum, most or all of this contamination layer is removed. In order to understand the
influence of this contamination layer, comparative studies of loading curves 1n air and in a medium
vacuum (<1x107 Torr) were performed.

The experiments were done in the load-lock chamber of the combined AFM/SEM system. The
load-lock chamber can be evacuated or vented to air independently, so the AFM unit can be oper-
ated in air or in vacuum without changing the tip-sample relation. The AFM loading curves were
measured in both environments on the same spot so as to eliminate the influence of surface topog-

raphy variation and surface material.

Results and Analysis

Reproducibility of the Measurements

Major factors that contribute to the result of a loading curve measurement are: .the tip, the
sample, the contact location on the sample, and the environment. When a set of loading curves are
measured consecutively with the same tip, the same sample, at the same contact point, and under
the same environment, the results are generally repeatable. This reproducibility can be revealed by
the measurement of Firc and Fana. Figure 5.6 shows two sets of consecutive measurements on an
aluminum mirror sample measured in air and in vacuum. The spikes in the vacuum measurements
are caused by lack of air dampening when the tip is being pulled away from the sample.

Any change in the above conditions can dramatically change the result of the loading curve
measurement, creating apparently poor reproducibility. To study the effects of various factors,

systematic loading curves were measured. Figure 5.7 shows a set of results measured with the

same tip on three different samples. The results on two different locations and under two different

environments are shown.
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The major factors that affect the reproducibility of a loading curve measurement are:

1)

2)

3)

4)

Effect of changes of the tip. Because the loading curve measurement involves tip-sample
contact, which can apply large pressure to the tip and the sample surface in a nanometer
scale area, the shape of the tip and surface condition can change after each measurement.

As measurement continues, the tip will be changed even further.

Effect of surface topography. Since tip-sample interaction depends on the local slope of

the topography, different surface locations will have different contact conditions.

Effect of surface contamination. Surface contamination applies a capillary force on the tip
when it is in contact. Since water is a important component in the surface contamination

layer,” changes in humidity can also affect the results of loading curve measurements.

Effect of surface material. The type of surface material mostly affects adhesion when the
tip is pulled away from the sample. Afier making physical contact, the sample material
strongly influences the tip-sample interaction. Therefore, the measurement of adhesion can

be used to distinguish materials.”

Consistency in tip-sample interaction is difficult to achieve in the contact condition, which

causes modification of the tip and the sample surfaces. With the combined AFM/SEM system, tip
damage was observed after a contact measurement. A sharp AFM tip is seriously blunted during
the first set of loading curve measurements, even though the loading force did not exceed 10 nN.
When the tip radius is significantly smaller than the surface features, the surface roughness will

cause non-repeatable results on different areas of the surface.

To obtain consistent reproducible loading curve results, a spherical tip with a large tip radius

(12 pm) had been used by other researchers.®® The advantage is that it will not be damaged as eas-

ily as a sharper tip; and the influence of the surface topography will be smaller. However, the sur-

face interaction is not in the nanometer scale due to the large contact area.

From the discrepancies in the adhesion measurements on three different surfaces shown in
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Figure 5.7, we can see that the reproducibility of the adhesion measurement is better when the
loading curves were measured under vacuum environment (~5x10~* Torr). Although not obvious
when corﬁparing Figure 5.7(c) and Figure 5.7(d), from the absolute changes in the magnitude of
the forces, we can see that the reproducibility in vacuum is better for the gold sample. Since the
liquid-like contamination layers was removed in vacuum, the improvement in the reproducibility
indicates that the surface contamination layer is an important factor causing poor reproducibility of
the loading curve measurement. The fluctuation in vacuum is only due to the change in contact lo-

cations. .

Loading Curves for Cantilevers of Different Spring Constants

In Chapter 3 it is shown that the smallest resolvable size is proportional to the tip-sample gap.
To get a higher-resolution image, the tip needs to be closer to the surface. However, a major prob-
lem in vibrating cantilever mode (VCM) imaging in air is the JTC that occurs when the tip is
brought close to the surface for optimizing lateral resolution. When JTC occurs, the tip is captured
by the sample surface and cantilever vibration stops, which disables VCM operation. Considering
that JTC is due to the capillary attraction of the contamination in air, a possible solution to this
problem is to increase the spring constant of the cantilevers used in VCM to overcome the capillary
force. From the following experiment, we can see that the JTC is eliminated with cantilevers of
sufficiently large spring constant.

Before discussing the experiment, we should describe the JTC process in air. A sample sur-
face in ambient air is always covered with a layer of surface contamination, which is believed to be
“liquid-like” matter.®’ When the tip begins to enter this layer, a meniscus will form and an attrac-
tive capillary force will be applied to the tip. From equation (3.18), we can deﬁve that the capillary
" force gradient has a finite value. If the spring constant of the cantilever is smaller than this force
gradient, the deflection of the cantilever can never balance the attraction force. In this case, the tip

will be continuously accelerated towards the surface until tip-sample contact, which is the JTC
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process. It has been claimed that the tip will always be pulled to the surface by this capillary
force.® If this indeed happens, we should always see the JTC. To test this conclusion was the origi-
nal motivation of rheasuring loading curves for cantilevers of different spring constants.

Three silicon cantilevers of different spring constants were used. The cross-section of these
cantilevers is trapezoidal, with the top side wider and the bottom side (where the probe is mounted)

narrower. Their spring constant, %, is calculated from the geometry’®

43
F,
where E is the Young’s modulus (for silicon £ = 1.79x 10" N/m?), L is the length of a cantilever, ¢

k=-;—E(w1+w2) (5.7

is the thickness of a cantilever, and w/ is the width of the bottom side and w2 is the width of the

top side of a cantilever. The geometric dimensions were measured with the SEM.

Table 1. Parameters of the three silicon cantilevers used for the loading curve comparison.

Model No. Tip No. L(um) H(pum) wi(um) w2(um) k (N/m)
1620 #3 450 4.20 18.00 37.70 1.013
1660 #38 220 6.50 20.00 55.00 43.28

1650 #25 120 3.95 28.00 47.00 59.85

Figure 5.8 shows the results of loading curves for these three silicon cantilevers. The sample
is an aluminum coa.ted optical mirror whose low surface roughness helps reduce the influence of
surface topography. Loading curves were measured on the vibration isolation stage to minimize
vibration noise. Figure 5.8(a) shows obvious tip jumping in both the approaching and pull-back
curves. In Figure 5.8(b), the tip responds to the attractive interaction in a controlled manner. The

response to the attractive force in Figure 5.8(c) is negligible.
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Figure 5.8. Loading curves for cantilevers of different spring constants.
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Figure 5.9 is an enlarged view of the three approach curves in Figure 5.8, which shows the
cantilever deflection around the tip-surface contéct point. We see that for the two cantilevers of
greater spring constants, JTC does not occur. This indicates that in an‘ ambient environment with a
sufficiently large spring constant, cantilever control can be maintained and only the controllable
ramp-to-contact (RTC) can occur. That means a tip can be brought to very close proximity without
being pulled to contact with the surface, and thus the assumption that the tip will always be cap-
tured by the surface contamination layer is incorrect.

From the comparison of those three cantilevers, we can see that the method of solving the JTC
problem is to use cantilevers that have a higher spring constant, since the gradient of the attractive
force that pulls the tip toward the sample is finite. If we use a cantilever that has a spring constant
greater than the maximum force gradient of the attraction, JTC can be prevented. With a cantilever
of a large spring constant that is greater than the maximum attractive force gradient, the tip can
stay very close to the surface within the contamination layer, and thus remains out of contact with

the surface.

Surface Contamination Studies

In ambient air, the ever-present layer of contamination existing between the tip and the sample
is one of the most important factors that govern the tip-sample interaction. Loading curve meas-
urement is a direct method to probe this contamination layer. Under vacuum most of the contami-
nation is removed from the surface, particularly the liquid-like layer is removed, and hence compar-
ing the loading curve in air and in vacuum can provide information about this contamination layer.
Specifically, an estimation of the thickness of surface contamination and the magnitude of capillary
attraction can be made with the loading curve measurement. In this connection we have carried out

a series of experiments to obtain such information.
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Figure 5.9. Comparison of the approach curves in
the loading curves of three cantilevers with different
spring constants near the tip-surface contact point.
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To minimize the effect of surface topography on the loading curve measurement, a gold sam-
ple with surface roughness of about 10 run was used. This sample surface, that had been exposed
to air for more than two months, presents a stable surface contamination layer. The tests were per-
formed with a silicon tip, model No. 1660-00 #8, in the main chamber on the vibration isolation
stage. First the loading curve measurement was performed in air, then the chamber was evacuated
to about IxIO-6Torr, and the measurements were again performed on the same area. Figure 5.10
shows one set of the experimental results.

From Figure 5.10, we can see that the jump-to-contact (JTC), which is the abrupt change in
tip-sample gap, does not occur for this cantilever. This is desirable because we do not have any
unstable states during the loading curve measurement. On the approaching curve measured in air,
labeled “In” in Figure 5.10(a), we can see that the attractive force starts to become significant in
the range of about 10 nm. On the other hand, for the approach curve measured in vacuum (Figure
5.10(b)), the attractive force is much weaker.

Comparing these two approaching curves, we can see that the attractive force that was de-
tected in air by this cantilever is mostly the result of the capillary force of the surface contamina-
tion layer, rather than the “non-contact” type interaction between the surfaces of the tip and the
sample. Therefore, we can use the theoretical model to fit the approach curve measured in air to get
an estimation of the thickness of the contamination layer.

Figure 5.11 shows the result of the fitting, which gives the initial tip-sample gap where the
capillary force starts to appear as GO= 11.6 nm. Under ideal conditions, this is equal to the total
thickness of the contamination layers on both the sample and the tip. We shall assume the thickness
of the contamination layer on the tip and sample surfaces to be the same. Therefore, the thickness
of the surface contamination layer can be estimated to be about 6 nm. From Figure 5.11 we can
also obtain the magnitude of the maximum capillary force, for this particular experiment, to be
about 230 nN. This measured capillary force magnitude is consistent with the values measured by

other researchers.5
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Figure 5.10. The loading curves measured in (a) air and in (b) vacuum
with the same cantilever on the same sample area.
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Conclusion

The loading curve measurement is an impof‘tant method in probing tip-sample interaction and
surface contamination layers. An analysis method of processing the experimental loading curves is
introduced, which is called cantilever-deflection correction. A raw experimental loading curve in-
volves cantilever deflection for the force measurement, which does not show.the true tip-sample
gap. To plot the loading curve as a function of tip-sample gap for comparison with theoretical
models, the effect of change in tip-sample gap due to cantilever deflection must be removed from
the loading curve.

Since the loadiﬁg curve measurement involves tip-sample contact, a number of uncertain fac-
tors make the reproducibility of the measurement poor. We performed systematic studies on the
reproducibility issue by varying contact location, sample material, AFM tip, and environment.
Since the contamination layer is mostly removed under vacuum, by comparing the loading curves
measured in air and in vacuum, some properties of this layer can be studied. By comparing the re-
sults obtained in air and under vacuum, we found that the contamination layer is a major factor
contributing to the fluctuation of loading curve measurements. It has hitherto been believed that the
capillary attraction due to the surface contamination layer will always capture the AFM tip in the
JTC process, thus‘ disabling VCM operation. By studying the JTC in the loading curves with canti-
levers of different spring constants, we found that cantilevers with larger spring constants can re-
sist the pulling of the capillary force of the surface contamination layer without being captured.
Since the capillary force is the dominant attractive force in air, by fitting the approach curves ob-
tained in air with the theoretical model of capillary force, we obtain an average value of the con-

tamination thickness to be about 6 nm.
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CHAPTER 6
STUDIES OF VIBRATING CANTILEVER MODE
Introduction

The vibrating cantilever mode (VCM) was demonstrated as early as the first AFM paper'. In
this mode of AFM operation, the cantilever is set to oscillate mechanically on or near its resonant
frequency. When the tip is brought to the surface and if the tip-sample interaction is large enough,
significant changes will occur in the resonance characteristics, such as the resonant frequency and
quality factor of the cantilever. By detecting the amplitude change or phase shift of the cantilever
vibration, the sample surface can be probed for topographic imaging. Theoretically, the change in
resonance characteristics takes place before the tip and the sample come into contact, which means
that the surface can be probed without physical contact. For this reason, the VCM has been called
the non-contact mode.*

Although the VCM operation in AFM has been investigated since 1986, a number of issues

- remain. First, for examination of samples in air, the surface contamination layer complicates the
meaning of non-contact, contact, etc. The imaging mechanism of a vibrating tip interacting periodi-
cally with a contaminated sample surface is not clear. Second, the VCM has more control par:;.nme-
ters than the DC (that is, the continuous contact) mode, such as the resonant frequency, the opera-
tion frequency, driving amplitude, etc. The relationship between these control parameters and their
influence on the image quélity is not clear. Finally, the possibility of tip and sample damage under
various conditions has not been examined. In reality, high resolution, stable VCM image has not

been routinely obtained. The goal of these studies is to understand the image mechanism and to
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develop an optimal operation method for obtaining maximum image resolution and best image
quality while minimizing tip and/or sample damage.

In the traditional non-contact mode of operation, the amplitude of cantilever vibration is small
(on the order of 1 nm). In the case of operation in air and with no static charges, the capillary force
is the dominant interaction between the tip and the sample when the vibrating tip is brought close to
the surface. While moving towards the sample, the tip experiences an increasing attractive force.
This force gradient effectively reduces the spring constant of the cantilever, which lowers the reso-
nant frequency of the vibrating cantilever, as described in equation (3.36). Such change i the
resonant frequency can cause significant change in vibration amplitude and phase shift, which can
be detected for establishing the topographic feedback to maintain the tip-sample gap at a constant.
In this case, the tip is usually a few nanometers away from the sample surface due to the existence
of a surface contamination layer. This limits the lateral resolution to a few nanometers because the
lateral resolution is proportional to the tip-sample gap. In order to increase the lateral resolution,
the tip must be brought closer to the sample. Since the thickness of the contamination layer is nor-
mally on the order of a few nanometers, the tip needs to work within the contamination layer to
achieve the lateral resolution on the order of one nanometer.

One of the problems that is caused by the surface contamination layer is the capillary force as
discussed on page 34. It can pull the tip towards the sample surface, which causes the tip to crash
onto the sample, and results in capture of the tip on the sample surface. When this bappens, the
cantilever ceases to vibrate, and the VCM fails. In order to overcome this problem, operation
modes with large vibration amplitudes have been developed.” © When the VCM is operated with
large vibration amplitudes, the tip moves in and out of the contamination layer. It has also been
believed that in this mode the tip is brought to contact the surface periodically-at the bottom of
cach oscillation cycle.® Although the large vibration amplitude produces a high signal-to-noise ra-

tio, which simplifies the operation, the stronger periodic tip-sample interaction may cause tip or
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sample damage. The tip damage directly reduces the resolution of the AFM images because of the
increase of the tip radius. Therefore, studying the conditions of the probe tips under different op-
erations is important for developing the optimal operation conditions:

To search for an optimal operation condition of the VCM, a number of experiments were con-
ducted with different operation parameters. After analysis of the experimental results, a new
method of operating the VCM is developed in this thesis, that can routinely provide stable high
resolution topographic images while minimizing tip and/or sample damage. This optimal operation
method of VCM makes use of the final layer of surface contamination molecules to prevent direct
physical contact between the tip and the sample. This newly developed operation mode is called the
near-contact mode, becapse this new method maintains a minimal tip-sample gap on the order of
angstroms. A theoretical model of the tip-contamination-sample system is proposed to explain the
working mechanism of various vibrating cantilever operation modes. And it is demonstrated that

the near-contact mode is the optimal operation mode.
Experiments

Experiment One: Changes in Tip Geometry by Periodic Contact

In the past, the condition of the fip of AFM probes after imaging in the periodic contact con-
dition was not directly analyzed. This experiment is designed to study the changes of tip geometry
after imaging a rough sample with two distinct sets of operation parameters. The first set maintains
the tip-sample in the traditional non-contact mode, while the second set uses larger vibration ampli-
tude, which results in periodic contact. The sample is an aluminum film with rough grain surface.

In this experiment, the AFM images were acquired with the sample in ambient air in the load-
lock chamber of the combined AFM/SEM instrument and the SEM images of the AFM probes
were acquired in the vacuum environment of the -SEM'main chariber with a vacuum pressure of

about 10 torr. With the combined AFM/SEM instrument, the entiré’ AFM including the sample

A
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and probe can be moved between the load lock chamber and the main chamber with a mechanical
transfer mechanism. The sample and probe are never removed from the AFM instrument, ensuring
that any damage to the probe could be caused only during scanning the sample surface. The SEM
images of AFM probes are acquired by rotating the AFM scanner 45 degrees from the position
where AFM images are acquired.

A series of measurements with a single probe were performed on the same aluminum grain
sample. A silicon VLS probe (IBM model number VLSHF125) with a 359 kHz resonant frequency
was used, whose resonance spectrum is shown in Figure 6.1. The Q-factor of this cantilever is
about 250. Extreme care was taken while making these measurements to ensure that the tip was not
damaged by touching the sample when the AFM was moved between the SEM chamber and the
load-lock chamber or during tip approach to the sample. Each tip approach was performed in a
similar manner by monitoring the decrease in cantilever vibration amplitude. The same feedback

control parameters were used for all of the AFM images. The following procedure was followed:

Frequency (kHz)

Figure 6.1. The resonance spectrum of the VLS silicon probe.
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1) The sample and AFM probe were mounted in the AFM/SEM and a SEM image of the
probe tip was acquired, which is shown in i“igure 6.2(a).

2) The AFM head was then moved to the load lock chamber and small amplitude AFM im-
ages were acquired for a period of two hours. The operation parameters are: free cantile-
ver vibration amplitude of 8 nm, and the feedback level is based on a 40 % reduction in
vibration amplitude. Figure 6.3(a) illustrates a typical acquired topographic image.

3) The AFM head was moved to the SEM chamber and a SEM image of the probe was ac-
quired which is shown Figure 6.2(b).

4) After the AFM was moved back to the load lock chamber, an AFM image was measured
with the conditions described in the step 2) above. It was verified that the AFM image ap-
peared qualitatively the sarﬁe as shown in Figure 6.3(a).

5) The final image was acquired with a large vibration amplitude. The operation parameters
are: free cantilever vibration amplitude equals 80 nm, with a 10 % reduction for feedback.
The resultant AFM image is presented in Figure 6.3(b).

6) Finally, the AFM head was transferred to the SEM and the tip image, shown in Figure
6.2(c), was measured. N

From Figure 6.2, a change in the tip geometry was found where the large amplitude operation

made the tip blunt. Comparison of Figure 6.2(b) with Figure 6.2(c) clearly indicates a dramatic
change in tip geometry caused by imaging with large vibration amplitude. An 80 nm cantileverl vi-
bration and a 10% reduction in vibration amplitude are the conditions reported to cause repeated
contact between the probe tip and sample®. The change in probe geometry appears to be the result |

of contamination build-up on the probe during the repeated tip-sample contact process.
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Figure 6.2. SEM image of the VLS silicon tip. (a) Before any topographic AFM image was
acquired, (b) after three hours of imaging with a small (8 nm) vibration amplitude with a 40%
reduction in amplitude, and (c) after one topographic image with 80 nm vibration with a 10%
reduction in amplitude. The scale dots on the lower right corner is for the image in the left.
The right image corresponds to the box in the left image. Its scale is 1/10 of the left image.
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Figure 6.3. Topographic images (shaded view) of aluminum grains:
(a) With 8 nm vibration amplitude and (b) with 80 nm vibration
amplitude. The size of both images is 800x800 nm.
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Visual inspection of the AFM images shows that the image acquired by large amplitude op-
eration 1is not as sharp. Figure 6:3(a) and Figure 6.3(b) appear substantially different. The grains in
Figure 6.3(a) have surface detail that is not observed in Figure 6.3(b). To get a quantitative com-
parison of the lateral resolution, we can perform Fourier transform to the scan lines of the topo-
graphic data, which results in a spatial frequency spectrum of the AFM image. A similar technique
has been used to analyze SEM images® where a two-dimensional Fourier transform was used to
create a frequency space image. Since the small features in an image give the high frequency com-
ponents in its spatial frequency spectrum, the density of the spatial frequéncy spectrum can be a
measurement of the sharpness of the image, which is related to the lateral resolution.

For two images with the same noise level, the one that has the higher resolution would have a
higher density in the higher frequency region. The difference in lateral resolution for the AFM im-~
ages shown in Figure 6.3 can be quantified from their spectral analysis (Figure 6.4). The spatial
frequency spectrum of the small amplitude AFM image (Figure 6.3(a)) has considerably larger
high frequency components than the spectrum from the large amplitude AFM image (Figure
6.3(b)). This indicates that the AFM image with smaller cantilever vibration amplitude has better
lateral resolution. |

According to the SEM images, there is no apparent change in the geometry of the AFM probe
tip before and after the small amplitude AFM imaging. Additionally, the AFM images measured |
using the 8 nm vibration showed no change in clarity over two hours of imaging. Because the vi-
bration amplitudes of the probe is similar to the thickness of the surface contamination layer, the
vibrating tip is maintained in the contamination layer. If the probe tip were not entering the con-

tamination layer we would expect to observe a decrease in resolution caused by hydroplaning of the

tip over the contamination layer.
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Figure 6.4. Spatial frequency spectrum of the topographic images illustrated in Figure 6.3.



135

Experiment Two:; Wear of a Silicon Tip on a Silicon Sample

It is known that physical contact between two objects of the same material can result in
“vacuum welding”. When these two objects that are “welded” toéether are separated, there would
be atom transfer between them. In the case of a silicon tip contacting a silicon sample, the atom
transfer means tip and sample damage. With the help of SEM, we have the opportunity of investi-
gating such a phenomenon. This experiment is designed to set the AFM operating in the periodic
contact mode to have periodic physical contact between the tip and the sample.

A series of images of a silicon wafer was measured using a silicon probe, TopoMetrix model
#1650-00. The cantilever vibration amplitude used for these images is 100 nm. The feedback was
established with a iO% reduction in vibration amplitude. SEM images of the probe before and after
measuring AFM images for a period of one hour are illustrated in Figure 6.5.

Comparing Figure 6.5 (a) and (b), it is clear that the tip was substantially changed while im-
aging the sample. The estimated radius before scanning is 10 nm. It is 20 nm after scanning. The
change in tip geometry indicates that atom transfer between the tip and the sample does happen.
This also confirms that the periodic contact condition does occur for the VCM operating at 100 nm

vibration amplitude with feedback established at 10 % decrease in amplitude.

Experiment Three: Surface Modification by Periodic Contact

In the previous experiments, deformation of the tip profile is observed. If the tip-sample inter-
action is strong enough to cause this, it is possible that the sample surface is deformed due to the
periodic contact process. To enhance the surface modification by the VCM imaging, a soft sample
is preferred. In this experiment, the sgmple used is a thin poiyimide coating on a glass substrate.

Phase detection is used in this experiment.




136

(@)

(b)

Figure 6.5. SEM image of a silicon tip (a) before imaging a
silicon surface and (b) after imaging with an oscillation
amplitude of 100nm and a 10% reduction in amplitude.
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Figure 6.6 shows the experimental process and the mechanism of surface modification. At
first, a near-contact VCM image with vibration ampllitude of 6 nm was acquired (Figure 6.7a).
Then the probe was pulled out of feedback, and set to vibrate at an amplitude of 100 nm, and
brought to feedback again. Once in feedback, the probe is operating in the periodic condition and
sample modification is possible. The feedback set point is set to have just enough phase shift to
bring the probe into feedback, to insure that minimal contact force is applied to the sample. The
sample was scanned with the periodic contact mode in a range of 100x50 nm. Then the probe was
pulled out of féedback, and the system was reset for near-contact imaging and a near-contact VCM
image in the same area was acquired (Figure 6.7b). The same cycle was repeated once to make a
periodic contact scanning on a large area (250x200 nm). The result of the periodic contact scan-
ning is also recorded with the third near-contact image (Figure 6.7c).

For all the scans, scan direction is horizontal and starts from the top of the image. From
Figure 6.7b and Figure 6.7¢, obvious sample modification can be observed. Because of the particu-
lar scanning orientation, the “foot print” of the periodic contact imaging is more obvious on the
left, the right, and the bottom of the rectangular scan area. This set of images clearly shows the
sample damage by the periodic contact VCM operation.

The polyimide coating is a thin layer and its exact thickness is unknown. To get an idea of the
thickness of this coating, the sample was imaged with the continuous contact mode AFM. In the
first scan, the AFM image was very noisy, which indicates the instability of tip-sample interaction
and the possibilities of sample damage. In the second scan acquired immediately after the first one,
the image is stable and reveals the surface features of the glass substrate, which indicates that the

coating is actually removed by the scanning in the continuous contact mode.
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Figure 6.6. The mechanism of sample damage.
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Figure 6.7. The near-contact AFM images (a)-(c) show that the sample is
damaged by periodic contact imaging operations.
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If the impact of the periodic contact is strong enough, thé tip may break through the thin
coating layer and interact with the glass substrate, which can result in tip damage. However, the
SEM images (Figure 6.8) show no significant change in the tip profile, which indicates that the
contact was light enough so that the polyimide coating was not broken through. Therefore, we can
conclude that even when contacting the sample lightly, modification can take place on the surface

of a soft sample like this polyimide coating.

Experiment Four: Monitoring the Tip Approach Process

Tip approach is an important step in PPM operation, as is mentioned on page 8. Monitoring
the tip approach process can allow us to observe the different stages of tip-sample interaction and
help design an optimal operation procedure.

The sample used in this experiment is a GaN wafer, the probe is TopoMetrix 1650-00 type,
and the phase detection is used. First, the tip was brought into feedback with minimal change of the
phase signal. Then the tip was gradually brought towards the surface by reducing the magnitude of
the feedback setpoint. At each new feedback level, the phase signal was recorded for one second
w1th a sampling rate of 1 kHz. The average value and the amount of fluctuation was monitored
against the Z piezo movement, which is proportional to the tip sample gap.

Figure 6.9 shows an experimental result. The change in the fluctuation of phase signal
(labeled “Average Deviation”) clearly indicates the transition from the traditional non-contact to
the near-contact region. The region that has large fluctuation is the operation region of the t;adi-
tional non-contact mode, where the presence of the liquid-like contamination layer between the tip

and sample causes the instability in the feedback loop, which results in large fluctuation in the

phase signal.




Figure 6.8. The SEM micrographs taken (a) before and
(b) after the experiment (shown in Figure 6.7) show no
obvious change in the tip profile.
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Figure 6.9. The transition from traditional non-contact to near-contact.
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Experiment Five; Comparison of Three Distinct Operation Modes

This experiment is designed to compare the image quality generated by three different sets of
operation parameters to determine the optimal VCM operating conditions. They represent the three
distinct VCM operations: the traditional non-contact mocie, periodic contact mode, and the new
near-contact mode.

For this experiment, a polished alumina-silicate glass saﬁple was used. This is a very good
sample for testing lateral resolution. It has two kinds of surface features: the larger “cigar” sharp
features on the order of 100 nm, and the smaller round features on the order of a nanometer. To
maintain the original surface contamination laye;, the sampie was never in vacuum.

A silicon cantilever with f, = 227.5 kHz (Model 1650-00, #25) was used. Its. resonance spec-
trum is shown in Figure 6.10. From the resonance peak, the Q-factor can be estimated to be about
400. Since the driving voltage was 4 mV when measuring this spectrum, and the piezo gain of the
modulating piezo was 0.002 nm/mV, cantilever oscillation amplitude was about 3.2 nm on the
resonance. The tip of the silicon probe was inspected with the SEM before and after the experi-
ment. Three AFM images were acquired under three different conditions in the order listed in the

following table.

Table 2. Experimental parameters of the three different VC operation modes.

Piezo Amplitude Cantilever Detection Feedback Operation

(mV)  Amplitude (nm) Mode Setpoint Condition
@) 34 3.0 Phase 67% change ~ Near-contact
(b) 34 3.0 Phase 12% change Non-contact

(c) 136 108 Amplitude 10% change . Periodic contact
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1650-00: tip #25

Frequency (kHz)

Figure 6.10. Resonance spectrum of the silicon tip (Model 1650-00 #25).

The AFM images are shown in Figure 6.11, where Figure 6.11(a), (b) and (c) were acquired
with condition (a), (b) and (c) in the Table 3, respectively. The image sizes are 100 nanometers
which is cut out of the original 1000 nm scan to show the same area on the sample surface. From
these unfiltered images, we can see some significant differences. In the image acquired by the tra-
ditional non-contact mode. Figure 6.11(b), obvious ripples can be seen across the image, which is
probably due to the instability of the surface contamination layer. The poor lateral resolution is
also due to the tip being too far away from the surface. In the image acquired by the periodic con-
tact mode, Figure 6.11(c), the image is very stable, since the periodic tip-sample contact eliminates
the instability of the contamination layer. However, the lateral resolution is not very good because

the sharpness of the tip is degraded by the periodic contact between the tip and the sample.
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Figure 6.11 Topographic images of a polished alumina-silicate glass surface
with three distinct operation modes. The image size is 100 nm x 100 nm.
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In the image acquired by the near-contact mode, Figure 6.11(a), there also are no ripples be-
cause the near-contact mode can keep the tip very “near” the surface, so that the instability of the
contamination layer can be removed. In this image, we can also see that the lateral resolution is
significantly higher than the other two images. A number of small islands are resolvable in this im-
age only because the near-contact mode can preserve the sharpness of the tip by preventing tip-
sample contact while maintaining a very short distance between the tip and the sample.

To further illustrate the difference, two line profiles (A and B in Figure 6.11) across the same
feature are extracted from those three images and displayed together in Figure 6.12. For all three
images, the large features appears to be the same. Again, the ripples can be clearly seen on the scan
lines from the traditional non-contact mode. In line A, peak o and B appear to be much sharper in
the near-contact line. In line B, peak v appears to be very sharp in the near-contact line. This peak
also shows up in the non-contact line, although the height is similar to the size of the ripples, while
it nearly disappears in the periodic contact line.

To get a quantitative comparison of the lateral resolution, we can perform Fourier transforms
on the topographic data. Figure 6.13 shows the spatial frequency spectra of the same area ofa
600x600 nm cutout from the original 1000 nm scan images. The near-contact image has substan-
tially higher intensity in all frequency ranges compared to the periodic-contact image, which shows

that the near-contact image contains more detailed information than the periodic-contact image.
The spectrum of the non-contact ifnage can be separated into two parts. First, for spatial frequen-
cies smaller than 50 pm™", the spectrum is almost the same as the spectrum of the periodic contact
image. This means that images acquired by non-contact mode and periodic contact mode are the
same for topographic features that are larger than 0.02 p. Second, for spatial frequencies larger
than 50 um™', the spectrum density increases while the spatial ﬁequency increases, which indicates
that high frequency noise exists in the image. The spikes at about 120 pum™" are due to the 60 Hz

noise in the electronic system.
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Figure 6.12. Line profiles of the same features by the three
vibrating cantilever modes.
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Figure 6.13. Spatial frequency spectrum of the three VC mode operation conditions.
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Figure 6.14 shows the SEM images taken before and after those consecutive AFM images.
Comparing Figure 6.14(a) with Figure 6.14(b), plastic deformation to the end of the tip can be
clearly seen. Since it was proven in another experiment that both the near-contact and non-cor‘ltact
condition do not damage the tip, the change of the tip geometry is most likely to be caused by the

periodic contact mode.

Experiment Six: Estimating Lateral Resolution

To show that a set of operation parameters is the optimal set, lateral resolution of topographic
images must be studied. In order to demonstrate high lateral resolution, a known sample with small '
surface features is needed. In general, such a sample ca;n be defined to be a‘ standard sample that is
used to measure the image resolution.

Figure 6.15 illustrates an AFM image of a niobium film acqui'red with the near-contact mode.
The sample was prepared by e-beam evaporation for characterizing AFM tips.® It inciudes some
known features that are on the order of a few nanometers, which can only be resolved by AFM
when operating in optimal conditions. A silicon tip, TopoMetrix model #1650-00, was used for
acquiring this image.

To estimate spatial resolution, a small section was cut out from the original image, which is
shown in Figure 6.15 (b). Figure 6.16 shows the line profiles of 12 lines extracted from the image
of Figure 6.15 (b). In the middle of these line profiles, we can see two peaks. Peak “A” starts to
develop near the top, and peak “B” starts to develop near the bottom. On line #16, the peak “B” is
only a small spike in one pixel (indicated by a circle). Smce that small spike is [;art of the peak
“‘B”, not some random noise, the' lateral resolution of this image is equal to its pixel resolution.

Since the pixel size is 2 nm, the actual resolution of the near-contact mode is better than 2 nm.




@ (b)

Figure 6.14. SEM images of the tip before and after acquiring the three VC mode AFM images.
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Figure 6.15. Topographic image of a niobium film sample that has the potential of being a
standard sample for tip geometry characterization, (a) The image is displayed with
pseudo-2D color (90/140); (b) the area of the box in (a), displayed in ID color.
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Figure 6.16. A set of consecutive line profile from a zoomed section of the image (Figure
6.15b). The lines are displayed by shifting | hm upward from the previous line.
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Results and Analysis

Optimal Parameters of VCM Operation

There are several parameters that are involved in the operation of VCM, such as the spring
constant of the cantilever, the driving frequency, the cantilever vibration amplitude, the feedback
setpoint, and the detection (amplitude or phase) method. The setting of these parameters strongly
affects the image quality. The selection of the parameters also depends on the environment. Operat-
ing in ambient air is very different from operating in vacuum. The purpose of these studies is to
find the optimal operation parameters, which are the ones that can maximize image resolution and

minimize tip and sample damage.

Effect of the Spring Constant of Cantilevers. Since the VCM operation relies on the cantilever

vibration, the mechanical characteristics of the cantilever are very important. The spring constant
is the most important characteristic of a cantilever for VCM operation. To obtain high resolution
AFM images, a sharp tip kept close to the surface is required. However, when the tip is brought
close to the sample, it is possible that tip-sample contact will damage the tip or the sample. To pre-
vent tip or sample damége, the tip should be maintained in non-contact to the sample. A soft canti-
lever is readily attracted to contact with the surface by van der Waals force, capillary forée, or
electrostatic attraction, which requires that it be kept further away from the surface. This large tip-
sample gap sacrifices the lateral resolution. Because of its high spring constant, a rigid cantilever
can be brought to a few nm (or less) away from the surface without being pulled into contact with
the surface (see Chapter 4). Therefore, it can maintain non-contact when operating with a very
small vibration amplitude.

There has been a commorn argument that cantilevers with a high spring constant are not suit-
able for high resolution imaging because that large spring constant results in poor force sensitivity.

For this reason, previous researchers hesitated to use cantilevers with high spring constant for high
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resolution imaging. This argument is certainly true m the DC (e.g. con.tinuous contact mode) op-
eration. However, is it still true for vibrating cantilever operation?

In VCM operation, what we detect is not the ‘force, but rather the force derivative. This 1s bé-
cause for a vibrating cantilever, the force derivative appears as the change in the effective spring
constant of the cantilever. It can be seen in the following equation of motion of the cantilever,

m¥%=—kyx+F,

ext >

6.1)
where m, is the effective mass of the cantilever, 4, is the natural spring constant of the cantilever, x

is the displacement of the cantilever, and F.y is the external force. This equation can be written as,

mi=—kx, (6.2)

: dF.
h k =k ——= 6.3
where e =TT (6.3)

is the effective spring constant. What we want to measure is the effective resonant frequency under

_ f_l_ e
o, = m, (kO Fext) : ) (64)

Since the effective resonant frequency is the parameter that affects the feedback signal in VCM,

the external force, that is,

force derivative is the one to determine the feedback that maintains a constant tip-sample gap.
Tt has been shown that the minimum detectable derivative is governed by the geometry of the

cantilever in this way®:

ky ﬂ (6.5)

o

Oa, 0’

'
Fmincx:

where Q is the quality factor of the cantilever resonance. It was also shown that the major noise,

.2
N \/;o— _ .(6.6)

From those results, the increase of spring constant only slightly reduces the sensitivity, on the order

. . . . . . 6
which is the thermal vibration noise, 1s

of k(‘,/4 . At the same time, it helps suppress the thermal noise on the order of £ 2 Therefore, us-
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ing a high spring constant cantilever is acceptable.

With silicon cantilevers of high spring constant (> 50N/m), the near-contact mode AFM im-
ages with nanometer resolution were obtained on both hard and soﬁ- mnsulators and conductors un-
der ambient conditions. This supports the argument that stiff cantilevers can obtain ultra-high
resolution with very small vibration amplitudes.

In vacuum, laser heating reduces the effective spring constant of the cantilever. And static
charges increase the attractive force between the tip and the sample, making it difficult to prevent
tip-sample contact. More rigid cantilevers are preferred for vacuum operation. With the substantial
increase of cantilever’s Q factor in vacuum, increasing the spring constant will not cause reduction
of sensitivity. Furthermore, high spring constant is needed to suppress the vibration noise that is

enhanced by the high Q-factor.

Effect of the Driving Frequency. The VCM operation is based on the relationship between the

feedback signal (change of amplitude or phase shift) and tip-sample gap. For a fixed drive ampli-
tude, the amplitude decreases when the tip-sample gap is reduced.® In the phase detection mode, the
appropriate phase signal has similar behavior. The value of the set point represents the difference
between the final resonant frequency and the drfving frequency, which is shown in Figure 6.17.
Therefore, for a fixed set point,. setting the driving frequency is effectively setting the final tip-
sample gap. When the driving frequency is set higher, the final tip-sample gap is larger. If the
driving frequency is set too much lower than the natural frequency of the cantilever, the tip will
crash into the sample before any feedback can be established.

Usually, when operating in air, the driving frequency is set at the natural resonant frequency
when the tip is far away from the sample surface (Figure 6. 17(a))‘. When operating in vacuum, set-
ting the driving frequency at the peak is not possible, because the Q is too high to have a stable
peak. A tiny fluctuation can cause dramatic change in the vibration amplitude. To gain stability,

the driving frequency is usually set at some value greater than the original resonant frequency.
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Figure 6.17. Relationship between the drive frequency and the feedback setpoint.



157

" Effect of the Vibration Amplitudé. An important paramefer that—governs the mc;chanism of tip-
sample interaction is the cantilever vibration amplitude. According to equation (4.1), the vibration
amplitude, 4, can be calculated from: 4., the oscillation amplitude of the driving voltage applied to
the modulating piezo; Q, the quality factor of the cantilever; and p, the piezoelectric gain of the
modulating piezo (in distance/voltage).

When the vibration amplitude is too small, the signal-to-noise ratio will be small. The image
can be noisy. The noise can further create a false feedback signal that causes the system to be un-
stable. However, if the amplitude is too large, the tip can gain enough energy to contact the sample
surface directly, which could result in significant tib and sample damage. To prevent tip and/or
sample damage, the cantilever vibration amplitude should be as small as possible, and be large

enough to maintain stable feedback.

Amplitude Detection versus Phase Detection. To detect such a change in resonance character-

istics, the commonly used method is slope detection. This detection technique operates with a fixed
drive frequency. The change of the cantilever’s resonance characteristics is detected by measuring
the change of either amplitude or phase in the cantilever vibration. For large amplitude operation,
both amplitude detection and phase detection can give good results. However, for small amplitude
operation (like the near-contact mode), since the amplitude signal is too small to have a sufficient
signal-to-noise ratio, it is better to detect the phase signal.

In VCM operation, the change of phase signal is usually sharper than the change of amplitude
when the tip is approaching the surface, which makes the phase detection more sensitive than am-
plitude detection. The magnitude of the phase signal is generally independent of the driving ‘ampli-
tude, which n;akes the phase detection method suitable for smail amplitude operation. In general,

phase detection is the optimal detection technique for VCM operation.

Effect of the Phase Setting. For the phase detection to work properly, the correct phase quad-
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rant must be selected. In Chapter 3, Figure 4.16 shows the spectrum of the phase signal of all four
quadrants, where only one quadrant can establish proper feedback. In the case of Figure 4.16 (b),
the 90° phase is the optimal phase because it has a sharp positive peak. When the resonant fre-
quency shifts to a lower value, this phase signal will decrease. The feedback coﬁtrol electronics has
been designed to detect such a decrease. The 270° phase is the opposite phase because it does not
fit the feedback condition. Although the 0° phase presents a positive peak, it is not sharp. Com-
pared with the amplitude spectrum, we can see that this phase is off resonance by a significant
amount. Although working in this phase can sometimes give an image, the image quality is poor,

and tip damage is highly possible.

Working Principle of the VCM Operation

To explain the exﬁerimental results and to understand the effect of various operation parame-
ters, we need to study the working principles of VCM. Since non-contact is one of the important
objectives of the VCM operation, the concepts of tip-sample contact and non-contact must be
clarified. To explain the detail of tip-sample interaction in ambient environment, a microscopic
model of the tip-contamination-sample system is developed. Based on this model, the mechanism of
feedback establishment of the three important VCM operations is studied. Finally, the mechanism

of the possible tip damage in the VCM operations is analyzed.

Concepts of Contact and Non-Contact. When studying VCM operation, one of the important

concepts is non-contact between the tip and the sample. When the tip and the sample are signifi-
cantly far away from each other, they are clearly in a non-contact relationship. However, as they
get closer and closer, when will non-contact turn into contact? Since non-contact and contact are a
pair of contradicting concepts, we only need to define either one of them, and it is easier to define
“contact”. |

What is contact? How close do two atoms need to be to be called “in contact™? We can define
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the concept of contact from the results of the approach process. When the two surfaces are sepa-
rated, the surface atoms are significantly different from the bulk atoms. When the two surfaces are
brought close to each other, at some point the interaction between the closest atoms on the two sur-
faces is equal to or stronger than the interaction in the bulk. At this point, the difference between
the surface atoms and the bulk atoms is minimal. When the tip is pulled away, the original surface
atoms will have a hard time “deciding” which side they belong to. Therefore, transfer of atoms
between the two materials can be possible. During an approach process, if the interaction at the
surfaces is significantly stronger than the bulk interaction, the atoms can be squeezed into free
space outside of the contact area, which results in’plastic deformation in the interaction region.*’ In
any case, some changes (atom transfer, plastic deformation) might happen to the two pieces of
material that are brought close to each other. Such changes are the proof of true “contact.” If there
is not-any change on both surfaces after an approach-separation process, we call this process “non-
contact.”

Logically, it is possible that the two surfaces come into contact without any atom transfer or
plastic deformation, such as, only elastic deformation occurs to the surfaces. However, due to the
existence of surface contamination, this is hard to prove in air experimentally. In UHV, however,
with a carefully designed setup, one might be able to show this true non-destructive contact. Prac-
tically speaking, for any imaging equipment, a non-contact measurement really means a non-
destructive measurement. Therefore, using the tip-sample destruction as the guideline to distinguish

contact and non-contact is practically appropriate.

Theoretical Model of Tip-Contamination-Sample System. To understand the image mecha-

nism of the VCM, and to develop the optimal operating parameters, it is important to develop a
microscopic picture of the tip-sample interaction. In the case of ambient air, there is a surface
contamination layer known to exist on the sample surface. Therefore, we need to develop a micro-

scopic model including the tip, the sample, and the surface contamination layers on both the tip and
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thé sample.

When a vibrating cantilever is moved towards a sample surface, the changes in the vibration
amplitude of the cantilever are created by the changes in the force gradient between the tip and the
sample. These interactions between the tip and the sample depend dramatically on the environment
of the sample. In UHV environment, with an atomically clean tip and sample, the shift of resonant
frequency is created by the van der Waals interactions between the probe and surface®. In ambient
air, damping of a vibrating cantilever can be created by interaction of the tip with the surface con-
tamination layer.

Any clean surface will be covered with a layer of molecules directly absorbed from their envi-
ronment that tightly bond to the clean surface. Further contamination that comes to the surface will
be loosely bonded to form a liquid-like layer on the surface. Therefore, there is a molecular layer
that exits between the liquid-like surface contamination and the solid surface of the sample. This is
true for both the sample surface and the tip surface. To damage the tip or the sample, this surface
molecular layer must be damaged first. It acts as a buffer layer protecting the surface of tip and
sample. Figure 6.18 is the diagram showing the microscopic model of a tip-conta:@ation-sample
system.

While the tip is approaching the sample, the force that is applied to the tii) can be divided into
four ranges. The first is constant force when the tip is sufficiently far away from the sample; the
second is attractive force with positive force gradient, where the magnitude of attractive forc;e in-
creases with the decrease of the tip-sample gap; the third is attractive force with negative force
gradient, where the magnitude of attractive force decreases §Vith the decrease of the tip-sample gap;
the fourth is repulsive force with negative force gradient, where the tip and the sample are in physi-

cal contact.
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Figure 6.18. Microscopic model of tip-contamination-sample system.



162

Figure 6.19 shows a molec;ular model of the tip approach process with the existence of surface
contamination layers. A and ‘A’ are true non-contact. In this case, the contamination layer on the tip
does not touch the contamination layer of the sample and no meniscus is formed between them. The
true non-contact situation can be classified into two different stages, A and A’. When the tip is
significantly far away from the surface (A), the dependence of interaction force on tip-sample gap
is negligible. Men the distance between the two surfaces of contamination layers is sufficiently
small, the interaction between the surfaces of contamination appears, which is indicated on the
force curve (A’). The effect of A’ is exaggerated in Figure 6.19, which is too small to measure ex-
perimentally.

B is the case when the meniscus 'starts to form. The tip and the sample are still not in contact
with a layer of liquid of contamination between them. The interaction force is attractive with a
positive gradient. The change in this force éradient can change the effective resonance frequency of
the cantilever, which can establish the topographic feedback in the traditional non-contact mode.

C is the near-contact condition, when the final layer of contamination molecules start to con-
tact. The final layer of contamination molecules is stably bonded to the surfaces. They are a buffer
layer between the tip and the sample to prevent direct contact between the tip and the sample. In
this case, the force is still attractive, while the force gradient is negative. When the gap between the
tip and the sample decreases, the magnitude of the force is getting smaller.

D is the true physical contact condition, when the force between the tip and the sample is re-
pulsive. The molecules of the contamination are forced between the tip and the sample. The inter-
action between all the atoms in the contact area is no different from the bulk atoms. In this case,
atom transfer among the tip, sample, and contamination will occur. This is a major cause of the tip

damage.
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Figure 6.19. Molecular Model of Tip Approaching Process in Ambient Air
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Mechanism of Feedback Establishment. For a vibrating cantilever to establish feedback to

maintain a constant tip-sample gap, a significant amount of change in the sensor signal should oc-
cur when the tip approaches the sample. From the microscopic model, such change is due to the
interaction between the tip and the sample surface and/or the surface contamination layers that ex-
ist in air. The surface contamination plays a central role in the establishment of feedback for the
different VCM operation conditions.

When a vibrating cantilever is brought fo the surface, the dominant interaction is initially be-
tween the contamination layer on the tip and the contamination layer on the sample. When the two
contamination layers make contact, a meniscus forms between the tip and the sample. The capillary
force due to the liquid bridge between the tip and the sample causes damping of the cantilever vi-
bration. When the vibration amplitude is small, the capillary force can generate a shift on the reso-
nant frequency of the cantilever that is great enough to allow the establishment of feedback. This ié
the_ traditional non-contact condition. Under this condition, the tip stays signiﬁcantly far away
from the surface, and physical contact between the tip and the sample does not occur for cantile-
vers that can balance the capillary attraction. However, the image is stréngly influenced by the
contamination layer that exists between the tip and the sample. Since the contamination layer is
intrinsically liquid-like, the feedback will be unstable, which can cause streaking in the non-contact
images.

When the driving amplitude is large, typically greater than 20 nm, the tip will gain a lot of en-
ergy. When the tip gets to the top of the contamination layer, the effect of the capillary force is not
strong enough to change the vibration characteristics of the cantilever. The change in the sensor
signal mostly comes from the interaction between the tip and the sample surface. When significant
change in the sensor signal occurs, the tightly bonded molecular layer on surfaces of both the tip
and the sample have been destroyed. When the buffer layer is destroyed, the tip can periodically

contact the sample directly. This is the periodic contact condition.
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A new operation condition was first developed during the research for this dissertation. When
the vibration amplitude is small (as in the traditional non-contact mode), the cantilever is brought
much closer to the sample surface, the tip enters the contamination layer of the sample. At first, the
capillary force will pull the tip towards the surface. But if the cantilever has a spring constant
greater than the force gradient of the capillary force, the capillary force can be balanced by the
spring force of the cantilever. Because the cantilever vibration amplitude is small (< 10 nm), the tip
does not have enough energy to damage the tightly-bonded molecular layers on both thé tip and the
sample, which means that the tip will not contact the surface directly. For this reason, the tip can
be maintained at a very small distance from the surface, on the order of 1 nm or less, while main-
taining its sharpness. Reduction in tip-sample gap is important for high lateral resolution AFM
imaging. This is the near-contact condition.

In summary, near-contact condition is the most desira'tble operation condition for VCM operat-
ing in air. It makes use of the contamination, which consist of a molecular layer on clean surfaces
and a thin layer of liquid that serves as a lubricant between the tip and the sample. It protects both
the tip and the sample to prévent any possible damage due to direct contact. Since the tip can be
brought to very close proximity to the surface, ultra-high resolution. VCM images can be acquired
without any tip or sample damage. Figure 6.20 $the theoretical model shogving the relationship

between the tip vibration and the contamination layer under the three distinctive conditions.

Mechanism of Tip Damage. A degraded tip can reduce the resolution and produce imaging

artifacts. Changes of surface roughness measurements caused by degraded tips have been re-
ported.”” With the AFM probes being monitored by SEM with the combined PPM/SEM system,
our experiments showed that the tip can be damaged under certain operating conditions. Since the
probe tip condition is very important to the quality and repeatability of PPM imaging, it is neces-

sary to analyze the mechanism of tip damage.
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Figure 6.20. Diagrams of the mechanism of the three VC mode
operation conditions, (a) traditional non-contact condition; (b) periodic
contact condition; (c) near-contact condition.
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Several mechanisms of tip damage are possible. First’, when the tip strikes the surface with
sufficient energy, the molecules in the contamination layer can continue to adhere to the tip. This
will increase the diameter of the end of the tip, causing p;)or lateral resolution. Second, when the
tightly bonded molecular layers on both the tip and the sample are destroyed, the tip and the sample
come into physical contact, and both the tip and the sample will suffer damage. Third, when the
sample is of the san‘ie material as the tip, the vacuum welding effect can cause substantial damage
in a short amount of time.*® Forth, when the tip contacts the sample with sufficient force, the pres-
sure applied to the tip can be high enough to cause plastic deformation of the tip.

According to the microscopic model of tip-contamination-sample system, the layer of mole-
cule bonded to all clean surfaces is an important factor in ambient air environment. This final layer
of contamination is difﬁc;ult to remove, even in a UHV environment. Since most of the tip and/or
sample damage is due to the physical contact between the tip and the sample surfaces, this molecu-
lar layer can be used as the buffer preventing the damage.

The bonding energy of each molecule in this final molecular layer is on the order of 1 eV. For
a cantilever with a spring constant of 50 N/m, the total energy for vibration of 100 nm amplitude is
about, 2.5x10"2J = 1.6 MeV. When the amplitude is 2 nm, the total energy is 1x107°7 = 0.6 keV.
In the periodic contact mode, a common feedback set point is 10% amplitude reduction, which is
about 19% energy reduction. Most of this energy loss is absorbed by contamination and the atoms
of the tip and the samplé near the contact point. Therefore, the energy transfer to the contact region
is about 0.19x1.6 MeV = 0.3 MeV per cycle. In the near-contact m.ode, a common feedback set-
point is 70% amplitude reduction, which is about 91% energy reduction. The energy transfer ié
0.91x0.6 keV = 0.55 keV per cycle, which is significantly smaller than the periodic contact mode.
The energy of chemisorption of an air ion or molecule on a surface is on the order of a few eVs.*

For example, chemisorption energy of an oxygen atom on iron surface is about 6 eV.
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Table 3. Comparison of energy dissipation.

Operating Mode : Amplitude Damping Energy Loss

Periodic Contact 100 nm 10 % 300 keV
Near-contact 2 nm 70 % 0.55 keV

Total chemisorption energy of 10x10 oxygen atoms on iron surface = 0.6 keV

From the above table, we can see that the energy transfer in near-contact mode is the same or-
der of magnitude as the chemisorpt energy of the final contamination on surfaces. The above ex-
" ample assumes a very small tip-sample interaction area. In reality, considering the size of the tip
and contamination on both the tip and the sample surfaces, the number of atoms/molecules n-
volved can be a lot more. Therefore, the near-contact mode generally does not have enough energy
to damage the final layer of contamination. In the worst case, the damage can only happen to the
molecular layer contamination. Such damage in the molecular layer can be quickly repaired by the
liquid-like contamination on the surfaces.

On the other hand, the periodic contact mode has a much larger energy loss to the interaction
region. With only 10% damping, the energy Joss per cycle is about a thousand times that of the
near-contact mode. If the jump-to-contéct effect is considered, the amount of the energy transfer is
even greater. The large amount of energy between the tip and the sample is the reason for damage
to both when operating under such a condition. In addition to our observation of tip damage in the
Ié.rge amplitude periodic contact VCM where the probe strikes the sample on each oscillation, there
are other reports of the need to replace probes regularly to maintain the highest quality images®’,

which suggests that the AFM tips are damaged.

Classification of the Three Different VCM Operation Modes

From the loading curve measurement, we can see the interaction force between the tip and the -

sample. The classification of the three different modes can also be done by studying the interaction
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force. On a typical loading curve, there are two important points. The first is the point of touch,
where the net force equals zero. At this point, the amount of the repulsive force equals the amount
of the attractive force. Since this is the point with minimum potential energy, it is naturally defined
as the point of touch. The second is the point of maximum attractive force, where the attractive
force reach its maximum. '

Figure 6.21 shows an ideal loading curve near the point of touch. The region farthest away
from the point of maximum attractive force is the non-contact region where the traditional non-
contact mode operates. The region beyond the point of touch is the true contact region where the
continuous contact mode and periodic contact mode operate. The near-contact region is only the
small region between the maximum attractive force and the point of contact. For tip and sample,
their relation is still in “non-contact”. The term “near-contact” is used to emphasize that the tip and
the sample are very close to each other.

The near-contact region is the most ideal region for topographic imaging, because the tip-
sample gap is small enough to achieve high resolution, and the tip and the sample are not in physi-
cal contact, maintaining the sharpness of the tip and preventing sample damage. The primary rea-
son that we can work in this region without making tip and sample contact is because of the exis-
tence of the surface contamination layers. Operating the VCM in this region requires a stiff canti-
lever to overcome the capillary attraction, and low feedback setpoint since the damping to the canti-
lever vibration is very large. To stay in this region requires low energy-dissipation between the tip
and the sample, which requires a small vibration amplitude of the cantilever.

One of the advantages of the near-contact mode over the traditional non-contact mode can be
seen in the hysteresis of the loading curve. In the near-contact region, hysteresis is minimal. How-
ever, when operating in non-contact region, if the feedback loop does not respond fast enough to
any high surface feature, the tip will temporarily go into the near-contact region. When the original
feedback condition is recovered, the tip will move away to its previous position along the unloading
curve. Because hysteresis exists between the loading and unloading process, the feedback loop will

operate at a different tip-sample gap. This tip movement results in spike noise in AFM images.
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Figure 6.21. Classification of three VC operation modes by the
three different stages of tip-sample interaction.
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In summary, according to the lowest tip position in the loading curve, the VCM operations

can be classified into three distinctive modes, the traditional non-contact mode, periodic contact

mode, and the near-contact mode. When a sharp tip (tip radius <5 nm) is used, the difference in the

image quality on the AFM images acquired with these three modes can be clearly seen for an image

size of 1 um or smaller. For images of 10 pm or larger, usually not much overt difference can be

seen. The following table lists the comparable items for these three vibrating cantilever operation

modes.

Table 4. Characteristics of the three VCM operations.

Non-contact

Periodic contact

Near-contact

Operation Amplitude <10 nm > 20 nm <10 nm
o .
. 50% an?phtude 10% amplitude 75% change in
Set Pomnt reduction, or reduction hase signal
change of phase P gna
Feedback Control Small Not sensitive Large
Parameters
Spring Constant . . . . .
of Cantilover Medium to High ~ Medium to High High only
Detection Method | Amplitude/Phase  Amplitude/Phase Prefer Phase
Theoretical Relation to the At the top of the  In and out of the Staying in the
contamination layer layer layer, near the
layer bottom
. Attractive force, Repulsive force,  Attractive force,
Relation to the . I ..
interaction force negative force positive force positive force
: gradient gradient gradient
Performance Tip damage No Yes No
Spatial Resolution Low High Higher
Uncertainty in Z Large Large Small
Feedback stability Not stable Stable Stable
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Examples of Ultra-high Resolution AFM Imaging in Near-Contact Mode

To demonstrate the AFM imaging capability of the new near-contact mo@e, a number of
samples of various different characteristics were imaged. The two most important factors that gov-
ern the lateral resolution of the image are: tip-sample gap, the tip radius. To have high lateral
resolution, we must have small tip-sample gap and small tip radius. Under the periodic contact
condition, although the tip and the sample can be very close (physical contact), a small tip radius
cannot be maintained due to the surface damage. Under the traditional non-contact condition, al-
though the sharpness of the tip can be maintained, the tip is too far awéy from the surface. Under .
the hear-contact condition, the tip can be brought to less than 1 nm from the surface without physi-
cal contact between the tip and the sample. Th.erefore, ultra-high resolution images can be obtained

without any tip or sample damage. The following AFM images are shown without filtering.

Metal Film Samples. Metal film samples were imaged in the near-contact mode. Figure 6.15

is an image of a niobium film using a silicon tip. The image was acquired with phase detection in
air. After imaging, the tip was inspected by the SEM, and no damage was observed. Figure 6.22 is
an image of an alﬁmjnum-coating surface. Since this is a réugh surface, a high aspect ratio VLS

silicon tip was used. The image was acquired with amplitude detection in air.

Semiconductor Samples. Figure 6.23 is an image of cleavage surface of the GaAs wafer

sample. The surface has been passivated by (NH.),S. The image was acquired in vacuum with a
VLS silicon tip. The topographic image (Figure 6.23(a)) clearly shows three atomic steps on the

surface. These three steps can also be identified by the three peaks in the topographic histogram

(Figure 6.23(b)).
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Figure 6.23. Atomically flat cleavage surface of GaAs. (a) Topo-
graphic image; (b) Histogram of the topographic data.
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Insulating Samples. Insulating samples can present serious problems due to the static charge

built up on the surface. For SEM, a thin layer of conductive (metal or graphite) coating is usually
applied to the surface to remove the surface charging. However, the surface coating usually covers
nanometer-scale features on surfaces. For AFM, static charge can result in JTC in the VCM op-
eration. However, if a rigid cantilever is used, high-resolution images can be obtained in the near-
contact mode without any surface treatment. Eigure 6.24 is an image of polished alumina-silicate
glass substrate, used for a computer hard disk, acquired in air. A silicon cantilever with a spring

constant of 50 N/m was used.

Soft Polymer Samples. For soft polyimide and polymer film, contacting the sample can cause
substantial sample damage. With neareonﬁct VCM, high-resolution images can be repeatedly
obtained without any sample damage. Figure 6.25 is an image of an epoxy acrylic coating.”® The
worm-shépe features (indicated by the arrows) are the wax that is mixed in the coating. Figure

6.26 shows two kinds of polymer films with different surface textures that show a lateral resolution

of better than 2 nm.

Biological Samples. Like polymer samples, biological samples usually have a soft surface.

Contacting the sample can cause surface damage and deformation. Figure 6.27 shows the surface
of a piece of hair of a 3-month-old human infant girl. Since there was oil on the surface, the capil-
lary force between the tip and the sample was stronger. The tip was occasionally pulled to contact
the sample, which can be seen from the small spikes in the AFM image. Cantilevers with a higher

spring constant are needed to maintain stable feedback for this sample.
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Figure 6.24. Polished alumina-silicate glass substrate.
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Figure 6.25. Epoxy acrylic coating.
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Figure 6.26. Two types of soft polymer thin-film samples.
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Figure 6.27. Human infant hair sample.
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Conclusion

Since the vibrating cantilever mode (VCM) was proposed in the first AFM pap:;r, two major
operation modes were developed: non-contact mode and “tapping” mode. When operating in ambi-
ent air, these old methods present a number of problems. In the traditional non-contact mode, the
existence of surface contamination layer results in large tip-sample gap, which limits the lateral
resolution of the microscopy. When the tip is brought into the contamination layer, the capillary
force between the tip and the sample can capture the tip to the surface, which stops the vibration of
the cantilever. In the “tapping” mode proposed later, the cantilever is set to vibrate at much larger
amplitude (> 20 nm) which results in periodic contact between the tip and the sample. Such physi-
cal contact, although it can be very light, results in tip and/or sample damage when operating in
air, which also limits the lateral resolution.

To understand the tip-sample interaction and the working mechanism of VCM, we performed
a number of experiments. With the combined AFM/SEM instrument, we observed three types of:
nanometer scale tip damage: contamination build-up (Figure 6.2c), wear-off (Figure 6.5b), and
deformation (Figure 6.14b). For the first time, we observed the sample damage as the result of
minimal periodic contact when the sample is scanned in ambient air. The experiment was per-
formed on a thin polyimide coating on glass.

We discovered a new region at close proximity of the surfaces under ambient air condition
called the near-contact region. The existence of this new region can be clearly shown by.observing
the feedback sensor signal while reducing the tip-sample gap. When the tip is imaging the sample
in this region, the tip-sample gap is minimized and physical contact between tip and sample does
not occur. Both of these factors result in maximizing the lateral resolution of AFM. From the theo-
retical point of view, this region can be described as attractive force region with negative force
gradient (that is, the magnitude of the attractive force decreases when the tip-sample gap reduces).

We developed a new theoretical model of the tip-contamination-sample system under ambient
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air to explain the near-contact region and the working mechanism of the VCM. The surface con-
tamination layer consists of a molecular layer that has stable bonding to the clean sample surface
and a liquid layer of a few nanometers thick above the tightly-bonded layer. When the tip is in the
near-contact region, the repulsive force is due to the direct interaction —between the tightly bonded
molecular layers on the surface of the tip and the sample. Since a certain amount of energy is re-
quired to destroy this molecular layer, resulting in direct contact between the tip and the sample,
cantilevers with small vibration amplitudes can preserve the molecular layers and further prevent
tip and/or sample damage due to direct physical contact. Although this str:ctural model of surface
contamination is supported by all of our observations, direct experimental proof is still needed.

Based on the understanding of tip-sample interaction and the working mechanism of VCM, we
developed a new operation mode for the VCM, which we call the near-contact mode. The three
major aspects of the near-contact mode are large spring constant, small vibration amplitude, and
low feedback setpoint. The large spring constant of the cantilevers is to prevent JTC when the tip
enters the contamination layer on the sample surface. The small amplitude is to ensure minimal
energy transfer between the tip and the sample and to preserve the final layer of the contamination
molecules, and to further maintain the sharpness of the tip. The low feedback setpoint is used to
bring the tip into the near-contact region. With a cantilever that can be controlled when the tip is
submerged in the surface contamination layer, using a small vibration amplitude and a low set-
point, the tip is maintained in the near-contact region and the lateral resolution is maximized. We
have shown that the operation of near-contact mode is very repeatable in getting stable, high-
resolution topograpilic images in air. The success of this new imaging mode was demonstrated on
various types of samples, which shows that high quality VCM topographic images can be obtained
without the use of large vibration amplitude.

In operations with large vibration amplitudes, the tip-sample. relation is periodic contact,

where the tip strikes the sample at the bottom of each oscillation. The large energy transfer between
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the tip and the sample destroy the final molecular layer on fhe s'urfaces of them, which results in
direct physical contact of the tip and the sample. With this operation mode, the topographic image
is stable (and appears to have low-noise). However, the tip is damaged, and the detail information
of the sample topography is lost. In a comparative study on the three different VCM operation
modes with a hard insulating sample, the near-contact mode performed the best and resulted n a
lateral resolution that was significantly higher than the traditional non-contact mode and periodic

contact mode.
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CHAPTER 7
IMAGING SURFACE ELECTRICAL POTENTIAL
Introduction

Surface electrical potential is an important physical property of many surfaces. It depends on
a variety of material parameters such as the work function, localized space charge, and surface
layers. Imaging the surface potential with a high spatial resolution can allow us to study the local-
ized electrical property of the sample. For example, on a semiconductor sample, we can study the
local variation of the dopant concentration. And on a ferroelectric sample, localized electrical
charges and domain structure can be imaged.

In this chapter, we first describe the working principles ‘of the scanning Kelvin-probe force
microscope (KFM), used to measure surface electrical potential. Then we use a piezoelectric sam-
ple to show that KFM removes electrostatic artifacts from topographic images and creates poten-
tial images. The time dependence studies on this sample also reveal the electrical charges in the
surface contamination layer. To test this potential measurement technique, we designed a standard
sample, which can provide a known localized potential difference. Finally, to illustrate a practical

application of the KFM, dopant concentrations were measured from surface potential imagéd on

the surface of a cross-section of a GaAs multilayer sample.

Scanning Kelvin-probe Force Microscopy

A traditional method of measuring the surface potential difference between two materials is




134

the Kelvin method, or the vibrating capacitor method. In this method, two surfaces are placed very
close to each other, with one material vibrating against the other. Due to the change of the tip-
sample gap, there is a change in the capacitance. When there is a potential difference between the
two materials, the change of capacitance results in a change in the current that can be detected. To
measure the potential difference, an additional balancing voltage is applied between the two mate-
rials. When the current vanishes, the applied voltage is a measurement. of the potential difference.

By applying the concept of the Kelvin method to a vibrating cantilever AFM, a scanning Kel-
vin probe force microscope is developed.® In this method, a metalized AFM probe (cantilever-tip
assembly) is used to detect the surface potential. The tip is kept very close to the sample surface
with the VCM topographic feedback. To detect the surface potential, instead of Vibrating the canti-
lever mechanically, an oscillating voltage is applied to the cantilever with a frequency close to the
resonant frequéncy of the cantilever. When there is a potential difference between the tip and the
sample, the cantilever will have detectable vibrations. An external DC bias voltage is added to the
cantilever, to give a measure of the potential difference between the metal tip and the sample, when
~ cantilever vibration vanishes.

Figure 7.1 is a diagram that illustrates the working principle of the KFM. The surface poten-
tial changes or localized static charges will contribute to the tip-sample interaction. When the sur-
face electric field is not canceled by any external bias, these localized electrical structures will
show up in a regular VCM topographic image as electrostatic artifacts. These electrostatic artifacts
actually contain information about the electrical properties of the surface. When an additional bal-
ancing voltage is applied to give a quantitative‘measurement of the surface potential change, it also
assists the elimination of those electrostatic artifacts from‘the topographic image. An example of

removing the electrostatic artifacts-in a topographic image and obtaining surface potential will be

shown in the next section.
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Figure 7.1. Separating the surface electrostatic information from
the topographic information, (a) There is only the non-contact
topographic feedback loop. The sample has no surface potential
change, (b) There is localized surface charge on the sample, (c)
Topographic feedback plus the potential feedback for the sample
with localized surface charge.
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Imaging the Surface of a PZT Film

Piezoelectric materials, like PZT, have highly poiarizcd‘ surfaces. When in ambient air, their
surface contamination can contain significant a:noun£ of charges that are trying to neutralize the
surface electrical field. With KFM, these surface charges may be observed.

Figure 7.2 shows an example that demonstrates the working principle of KFM on a sample of
PZT ferroelectric ceramic film.”! Figure 7.2(a) shows the topography image with no additional bias
voltage applied to the AFM cantilever. To enhance the visual effect of the surface features, the de-
rivative image of the false-color height image, Figure 7.2(a-1), is shown as Figure 7.2(a-2). In this
pair of images, an obvious feature is a bright line running across the field of view (indicated by the
ar;ow). After this image was measured, the surface potential feedback loop was turned on, which
applied a balancing DC bias voltage to the cantilever to null the field between the tip and the sam-
ple. Figure 7.2(b) shows the topographic image with the additional bias voltage. Figure 7.2(c)
shows the signal of the bias voltage. From Figure 7.2(b), the bright line nearly disappears, leaving
a small trench. On the other hand, a bright line shows up in the surface potential image, Figure
7.2(c). This line is a scratch mark on the surface of the ceramic film. Since the material is ferroe-
lectriq, the surface damage left a significant amount of residual charge, which contributed to the
local surface potential change.

To further illustrate the effect of the additional surface potential feedback loop, a line profile
across the scratch mark is extracted from the images shown in Figure 7.2(a) and (b). Figure 7.3
shows these two line profiles. The difference between the two line profiles is dramatic. Two obser-
vations can be concluded from the line profile. The first is that the high peak, which 'is the bright
line in the images, is completely removed from the image by the surface potential feedback loop.
The second is that .the fluctuation on the surface topography is reduced significantly when the sur-
face potential feedback loop is on. This effect can also be seen by compari'ng Figu?e 7.2(a-2) and
(b-2). The instability on the topographic image is due to the surface contamination la}./er. Because

this layer is not electrically neutral, it adds electrical artifacts to the topographic image.
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Figure 7.2. Images of a PZT ceramics surface: (a) before, (b and c¢) after the surface potential feedback loop is turned on.
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Figure 7.3. Comparison of topography line profiles before and after the
surface potential feedback loop is turned on.
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Figure 7.4 shows a time dei)endence experiment, where a set of topographic and potential im-

ages were acquired on the same sample surface area ten minutes apart. The topographic images,

‘ Figure 7.4 (a) and (b), are very much the same. However, the potential images, Figure 7.4 (c) and
(d), have significant differences. The only repeatable feature is the bright line, which is the result of

the charge in the scratch. The other “noisy” features are surface charges that.are not stable. Since

the PZT ceramic is an insulator, the charge distribution can not vary in such a short time, therefore

these fluctuations in the KFM images are due to the charges in the surface contamination layer.

Designing and Studving a Standard Sample

For evaluating the performance of a surface potential imaging system, a standard sample was
developed (Figure 7.5). It consisted of two sets of “fingers” of chrome film deposit on top of an
undoped silicon wafer, so that voltages can be applied to either side of the “fingers” separately, to
generate controllable surface electrical potential. Four groups of “ﬁngers’f (A, B, C, and D) with
different width are built on each sample.

Figure 7.6 shows a péir of images of this sample acquired on a TopoMetrix Explorer™ sys-
tem. During the measurement, the set of electrodes labeled with the letter “A” in Figure 7.6 were
always grounded. The other set of eiectrodes, labeled “B”, was applied with a voltage controlled by
the software. The resonant frequency of the cantilever was 73.2 kHz, and the Q-factor 360: The
images were acquired with the mechanical vibration amplitude of 11 nm and an AC bias amplitude
of 10 V. The operational frequency for the second feedback loop for potential measurement was set

at 86.6 kHz.
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Figure 7.4. Time dependent studies of KFM on a PZT ceramic surface.
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Figure 7.5. Design of the standard sample for electrical potential measurement.



@ (b)

Figure 7.6. Simultaneous topographic (a) and surface potential (b) images of the standard sample. The electrodes
labeled “A” were always connected to ground. The electrodes labeled “B” were connected to a voltage source
controlled by the software. Each image has 300 scan lines. Each line has 300 data points.
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The first problem to be studied is the possible crosstalk between the topographic feedback
loop and the electrical potential feedback loop. If there is any crosstalk, it can be seen in the im-
ages. To help studying the crosstalk, the controlled voltage is changed from +1V to -1V in the
middle of the scan. From the Figure 7.6(a), we can see that when the surface bias is switched from
+1V to -1V the topographic image is not affected. This indicates that the change in surface poten-
tial does not affect the topographic feedback loop. On the other hand, let us consider the last elec-
trode on the right of the image (labeled “A”). The topographic image shows a I;Lrge_ step between
the electrode and the substrate. However, since this electrode is grounded, the surface potential is
similar to the substrate. In the Figure 7.6(b), the boundary between the last “A” electrode and sub-
strate is not clear, which indicates that the change in surface topography has almost no effects on
the electrical potential feedback loop. This can be further shown with a set of line profiles from the
image set (Figure 7.7). Therefore, the two feedback loops can operate properly at the same time
with no crosstalk.

The second problem to be studied is the accuracy of the potential measurement. In Chapter
Three, it has been demonstrated that the temporal change of surface potential on a flat sample can
be measured accurately. However, the measurement of spatial change in surface potential is a dif-
ferent issue. The standard sample was used to test the measurement of such spatial variation of the
surface potential. From the image's in Figuré 7.6, we can analyze the result of the measurement.
The electrodes labeled “A” were always grounded. The electrodes labeled “B” were connectéd to
an external voltage source. Figure 7.8 shows three surface potential measurements on three differ-
ent scan lines, where line No. 80 is in the middle of the region where electrodes “B” have +i V-- .

bias, line No. 152 is the line right after the bias voltage on the electrodes “B” was switched to —1

Volt, and line No. 299 is the last line of the image.
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Figure 7.8. Three line profiles from the potential image show the relative of the potential changes.
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Although Fhe external voltage is 'only applied to one set of the electrodes, the spre'ading of the
electric field reduc;,es' the localization of the surface potentiél. Since the tip is maintained at a spe-
cific distance from the surface, the measured potential difference between two sets of electrodes is
about 0.7 volt. Comparing line No. 80 and No. 152 in Figure 7.8, when the voltage on electrodes
“B” is swit’ched from +1 V to —1 V, the potential on electrodes “A” is changed too. This indicates
that the electric field from electrodes ”B” extends to the space above electrodes “A”. Therefore, the
measurement of spatial changes in the surface potential depends on the avérage distance between
the tip and the sample. The measurement results can also be affected by the amplitude of cantilever
vibrations, and amplitude of the oscillating bias voltage.

From Figure 7.8, we can see the electrostatic effect of the surface contamination again. When
localized charges exist on the surface, some opposite charges will 'éet into the surface contamina-
tion layer to try to screen the unbalanced charge. This process can give some electrostatic charac-
teristics to the contamination layer. Comparing line ﬁo. 80 and No. 152, the change on the right
side of the last “A” electrode is the most significant. In region “C”, the surface material is the in-
trinsic silicon. When electrodes “B” are at +1 volt, the surface of the sample is mostly negative
charged. When the voltage on electrodes “B” is switched to —1 V, the negative charge in region
“A” can be removed easily due to the grounding of electrodes “A”. However, in region “C”, since
the intrinsic silicon has very small conductivity, the negative surface charge in the contamination
layer can not be removed right away. This results in the appearance of a negative bias‘ in region
“C”. This negative charge in region “'C-” is not stable, and will deplete with time. Comparing line
No. 152 and No. '299, such change in electrostatics in the contamination layer is obvious. In line
No. 299, reg‘ion “C” has a potential closer to zero than in line No. 152.

In the above analysis, it is shown that the standard sampfe is important in studying the per-

formance of the KFM! With the standard sample, the success of the operation of the double-
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feedback-loop system is demonstrated with the measurement of both spatial and temporal changes
of the surface potential. The measurement of spatial variation of surface potential is influenced by
a number of parameters, such as tip-sample gap, cantilever vibration amplitude, oscillation ampli-
tude of bias voltage, and so on. Further research is needed on this issue. Finally, this experiment

further demonstrates the electrostatic properties of the surface contamination layer.

Studies of Sub-Micrometer MBE Grown Lavers

To demonstrate the application of the KFM to solve problems, a cross-section sample of an
MBE grown multilayer structure was imaged. On a semiconductor surface, the change of the band
structure, due to the change in dopant density, can be measured as the changes of surface potential.
For an MBE grown multilayer structure, the dopant concentration can be controlled to Avary from
layer to layer. When the sample is cleaveg, the cross-section can be examined to measure the

_variation of dopant concentration in depth. Since the MBE layers are on the top of the wafer, the
cross;section of the multilayer is on the edge of the sample. To locate an area of the multilayer, the
combined AFM/SEM instrument is needed. A sample with half-micrometer MBE layers on a
semiinsulating GaAs substrate was used to test this technique.

With STM, the measurements of dopant concentration have been done on heavily doped semi-
conductor samples. However, with intrinsic semiconducting/semiinsulating samples, or samples
with thick surface oxide, the STM technique has a fundamental problem. Since STM has to use a
tunneling current to detect the tip-sample gap, the sample hgs to have sufficient conductivity for
establishing feedback. Because the substrate of our sample W:dS an intrinsic senﬁ-insulatiﬂg GaAs,
STM. was tried but it failed. Since there was not enough tunneling current to maintain tunneling
feedback, the STM tip crashed into the sample. Therefore, the STM technique is not appropriate
for surface potential measurements on samples that do not have énough conductivity.

. Since the KFM ié mostly an AFM based on the VCM operation, it does not require any cur-
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rent between the tip and the sample to maintain feedback. Therefore, surface potential changes can
be measured on non-conductive samples. Since our sample was intrinsic semiinsulating GaAs,

KFM was the only method available to measure the surface potential.

Sample Preparation

The MBE layers were grown on an intrinsic semiinsulating GaAs (100) substrate. The thick-
ness of each layer was monitored by RHEED during the grow process, and all layers were con-
trolled to be 500 run thick.@ Figure 7.9 shows the layer structure of the sample. The sample was

mounted on a special holder to allow imaging of the cross-section.

Si Doped

2X1018 (cm"3)
Undoped

Figure 7.9. The GaAs MBE grown multilayer sample.

To examine the cross-section, the wafer needs to be cleaved first. The cleavage process can
create defects on the surface of the cross-section that can influence the measurement of surface
potential. To measure the bulk dopant concentration, the number of defects on the cross-section
must be minimized. This requires a “clean” cleave. The quality of cleavage performed in air can be
easily seen in the AFM topographic images shown in Figure 7.10. Originally, when the cleaving
was done poorly, the result was a bad cleave which contained a large number of small atomic
steps, as shown in Figure 7.10(a). Later, when the cleaving was improved, a large atomically flat

surface can be obtained, which is clearly shown in Figure 7.10(b).



199

Figure 7.10. The surface topography of cleavage surfaces, (a) a
bad cleave, (b) a good cleave.
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After cleaving the sample properly, some samples were left in air to be naturally passivated,
while others were immediately followed by (NH.).S passivation;” the samples were kept in the
(NH.,),S solution for 10 minutes. The cleavage surface looked very good after (NH,),S passivation.
The AFM topographic image shows large sections of atomically flat surfaces (Figure 7.10(b)). The
surface roughness on a single atomic step, indicated by the square box in Figure 7.10(b), is 0.34

nm (area RMS roughness).

Locating the Area of MBE Layer

Since the cross-section of the rﬁultilayer is within a 2 pm region from the edge of the sample,
the combined AFM/SEM instrument was used to position the tip to the multilayer afea. The sample
was mounted on a sample clamp, with the cross-section surface facing up, and then was introduced
into the SEM through the load-lock chamber. The SEM was used to guide the tip to a position over
the area of multilayers. Originally, the tip was placed over the substrate. Then, while monitoring
with the SEM, the prirﬁary translator was controlled to move the multilayer region under the tip.
To minimize the effect of electron beam damage, low electron beam energy, 2 keV, was used.

Figure 7.11 shows the final positions of the tip and the sample.

Surface Potential Imaging

Because of the difficulty of controlling two feedback loops in vacuum, s’urface potential imag- ‘
ing was performed in air. After positioning the tip to the area of MBE layers under the SEM, the
AFM system was carefully moved from the SEM specimen chamber into the load-lock chamber.
Then, the load-lock chamber was vented to air, and a pair of images of topography and surface
potential was simﬁltaneously acquired (Figure 7.12). The surface of the cross-section of the MBE
layers was passivated in air. In the surface potential image, three boundaries can be ciearly seen.
They are the boundaries that separate the fOur MBE grown layers. A pair of line profiles of the

cross-section is also shown in Figure 7.12.
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Edge of Cross-section

Figure 7.11. SEM view showing positioning of the AFM tip
over the area of MBE layers.
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Figure 7.12. Simultaneous topographic and surface potential images of the MBE layers.
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Results and Analysis

The purpose of a cross-section study is to obtain information in the bulk. If the surface of a
cross-section is uniform and free of defects, the surface potential measured on a cross-section can
correspond to the energy band structure in the bulk. However, at the edge of the cross-section,
which corresponds to the surface of the wafer, the surface potential will no longer resemble the -
bulk. |

The first outstanding feature in the Figure 7.12 is the edge of the cross-section. From the line
profile of topography, it is hard to locate where the edge is. The geometric convolution between the
tip (with finite aspect ratio) and the sample makes the sharp .edge disappear 'from the image. How-
ever, in the line profile of the surface potential, a potential minimum is clearly seen, which is the
position of the edge. For the potential image, the electrostatic interaction is mostly at the tip, which
makes a significant difference between the case of tip-on-top and the case of tip-drop-off. As the
tip drops off more, it gets further from the sample and the interaction gets weaker, which results in
the measured surface potential approaching zero.

The edge itself is a huge defect for the cross-section surface. Also, from the topographic im-
age, we can see the surface near the edge has a lot of steps. At the edge, many new surface states
exist for the carrier. Since the silicon-doped layer is n-type, the surface states are mostly filled up
by electrons. From the line profile, we can see the last layer has comparably stronger negative po-
tential, which even influences the subsequent layers.

Since the edge is so hard to predict, wé shall ignore the measurement on the last MBE layer
that is on the top of the wafer. The KFM image of the cross-section of MBE layers in Figure 7.12
shows the changes in the surface potential across the layers. A line profile covering three MBE
layers is taken from the surface potential image (see Figure 7.13), which covers two interfaces,

from the undoped region (A) to the doped region‘(B), and from (B) to the undoped region (C).
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Figure 7.13. A line profile taken from the surface potential
image, (a) The location of the line in the KFM image; (b)
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Since there is an initial difference of Fermi level (A®) between the doped and undoped region,
charges will transfer across the interface to achieve a steady state. The free carrier will be depleted
from the volume near the interface. Assuming the charge distribution is uniform in the depletion

layer, we have the following surface potential change across the interface. From A to B,

eN :
AD ——(x—x,, +Wpyp)® X5 ~Wyp <X <X
2¢g,
P 45(x) = . . (7.1)
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where Nyp is the impurity cqncentration in the undoped region, and Np, is the dopant concentraﬁon
of the silicon doped region. The fitting curve shown in Figure 7.13 was calculated by setting Nxp =
5x 10% ecm®, Np =2 x 10 cm™®, A® = 300 mV. X3 = 450 nm, and Xpc = 650 nm.

In general, the above fitting is good. The obvious problem with this fitting is the unnaturally
sharp corner on both sides of the doped region. The reason for this is the assumption of linear
charge distribution, which is 'only a ~crude .approximat.ion._ In reality the charge distribution is
changed gradually. If such a model includes fhe gradual change of the charge distribution, the theo-

retical surface potential should change smoothly across the interface.

Conclusion

The scanning Kelvin-probe force microscope (KFM) is a surface potential imaging tool based
on the classical Kelvin probe technique, which can image spatial variation of surface electrical po-

tential without any conductivity requirement on the samples. It contains two feedback loops that
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opérate éﬁnultaneousiy to measure surface topography and electrical bc;tential.

We designed and built the first standard sample for examining the performance of this surface
potential imaging.tool. With this éample, we showed that.the two feedback loops can be operated
with almost no crosstalk.

We enhanced the original method by studying the temporal information of KFM images. On a
piezoelectric sample, we observed fluctuation of surface potential that varies dramatically with
time. This phenomenon could be caused by a patch of space charge existing within the surface
contamination. Because of the liquid-like property of the contamination layer, the space charges
can float around due to the changes of environment.

We demoﬂstrated an application of KFM in measuring the dopant concentration on a semiin-

sulating GaAs cross-sectional sample that is not applicable to STM because of the lack of sample

conductivity. The surface potential changes due to the change of the dopant concentration in the

MﬁE-growﬁ multilayer structure were measurefi. The calculated dopant concentrations from the
me;sured potential are close to the values obtained from the MBE growth process.

With the combined PPM/SEM instrument, we were able to measure the surface potential at
the edge of a surface for the first time, where we observed the strong edge effect on the surface
potential image near the edge of the cross-section. This is due to thé intrinsic long-range character-
istics of electrostatic interaction. A theoretical model of electrostatic interaction between a cone-
shape conductor and the surface edge is needed to describe this edge effect which could lead to a

measurement of effective tip size.
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CHAPTER 8

CONCLUSIONS

The research of this thesis has been focused on the studies of nanometer scale tip-sample in-
teractions by using the nanometer scale capabilities of the proximal probe microscope (PPM), es-
pecially the cantilever-based atomic force microscope (AFM). To explore new experimental terri-
tories, newiexpeﬁmental apparatus and methods were developed. With these new experimental ca-
pabilities, new insights were obtained on surface contamination layers, nanometer scale capillary
force, surface electrostatic properties, nanometer scale surface contact, and the working mecha-

nism of vibrating cantilever AFM.

Proximal Probe Microscopy

The method of using a material probe positioned in close proximity to a surface to obtain mi-
croscopic images is called proximal probe microscopy (PPM). The scanning proximal probe mi-
croscope that is based on microscopic force sensors is called the scanning force microscope (SFM).
Compared to the scanning tunneling microscope (STM),. SFM has been defined as a technique that
“no longer uses electfoh tunneling to probe the local propeities of sample surfaces, but rather the
-tlp-sample force mteractlon” % The earliest force sensor was based on a microscopic cantilever,
_ using its sprlng charactenstlcs to measure the force. Thls cantilever-based force microscope has
been named the atomlc force microscope (AFM). “The sprmg in the AFM is a cntlcal compo-
nent.”! The research of this thesis is in the field of SFM The following dlagram illustrates the re-

latlons}up of all the SFM modes. _ “«, '
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Figure 8.1. Classification of various SFM modes.

Advances in the field of microscopy have been marked by the continuous increase of spatial
resolution. In the era of optical microscopy (far field), Abbe% pointed out that the ultimate resolu-
tion is limited by the wavelength of radiation used. However, this concept was challenged later by
Synge,% who noted that resolution was not limited by wavelength when a tiny light source smaller
than the wavelength is used and the distance between the light source and sample is smaller than
the wavelength. This was the first idea for the novel near-field microscope, which indicated that the
breakthrough of spatial resolution must come from near-field imaging. The PPM is the most recent
advance of microscopy due to its capability of atomic resolution. When making the analogy be-
tween the tip of a PPM probe and an optical lens and considering the tip-sample gap in the
nanometer scale, then the PPM is considered a near-field microscope.- The near-contact mode de-
scribed in this dissertation for achieving maximal capability of the image resolution of AFM is de-

veloped under the same guidelines as near-field imaging.

Experimental Apparatus and Methods

Generally, as the spatial resolution of a microscope increases, the image field-of-view de-



209

creases. For a microscope to be practical, there must be a method 'to move the image field-of-view
to the area of interest on the sample surface. To locate sub-micrometer surt"ace features, a PPM
was built and integrated with a SEM, using the SEM to locate the ;a.rea of interest. This PPM in-
cludes both an STM and an AFM with-a light-lever deflection detection force sensor. The PPM can
be operated simultaneously with the SEM. Two levels of XYZ translation stages were built, to
move the PPM tip to the center of SEM field-of-view and precisely position the sample under the
PPM tip. This él'lo'ws easy location of sub-micrometer scale features on a large sample.”” The O-
ring-mass vibration isolation setup, along with the vacuum chamber, provides a very quiet envi-
ronment for PPM operation. :

In addition to its use as a ranging tool, the SEM is used to monitor the condition of the PPM
tips, which helps to ensure the reliability of PPM images. With this instrument, the conditions of
PPM tips were studied for developing the optimal operation condition in the vibrating cantilever
mode (V CM) SEM analysis showed that the tips were obviously damaged after operating in peri-
odic contact condition of the VCM.

A method of studying the properties of the surface contamination layer was deveiéped, using
the capability of the new AF M’s working environment, which can be changed between ambient air
and vacuum. Under a:pbient éir conditions, a layer of residual contamination always remains on
the surface of a sample. Under vacuum, the liquid-like contamination layer is removed.

In the loading curve measurement, an énalysis method was developed to remove cantilever
deﬂeétion in the raw data. With this correction, the loading curves can be plotted against the tip-

sample gap, which make it readily cémp:_arable to any theorétipal model.

Surfacé Contamination 'and Capillary Force

s

The surface cor‘ltamination layer is thou_ght to apply a capillary pulling force on AFM tips.

The magnitude of this attractive force was thoughf to be stronger than all types of cantilevers cur-
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rently 'avaﬂablg, creating the jump-to-contact (JTC) condition. When tllle JTC occur, the AFM tip
will be ca‘ptdreci by- the contamination. layer, and su'stains damage. Loading curve measurements
show that when the spring constant of a cantilever is great enough, the JTC does not occur. On a
particulér aluminum mirror sample, the threshold spring constant was about 50 N/m, which indi-
cates that it is 'poésible to prevent contact dainage of the tips in the VCM by using cantilevers of
sufficiently larger spring constant.

The surface contamination layer contributes significantly to the fluctuation of the loading
‘curves measurement. The measurement results are more consistent in vacuum because the con-
tamination is mostly removed. A set of loading curves was measured with the same tip on the same
sample area in both air and vacuum. Fitting the approach curve in air with a theoretical model of
capillary force, the thickness of the contaminétion layer was estimated to be about 6 nm. In this

case, the magnitude. of the capillary force was 230 nN.

w

Optimal Operation Conditions for the Vibrating Cantilever Mode AFM

When operating VCM in air, three' different working conditions can be distinguished. The
classification can be made based. on the relationship between the tip, tﬁe surface contamination
layer, and the sample:

1) Traditional non-contact condition: In this the mode, the tip stays near the top of the. con-

tamination layer. |

2) Near-contact condition: In this mode, the tip vibrates within the contamination layer. It

moves into the bottom of the contamination layer, and stays close to the sample surface
without direct physicézl contact.

3) Periodic contact condition: In this mode, the cantilever vibration amplitude is relatively

large ( usually =100 nm). The tip moves in and out of the contamination layer. iI'he tip

makes direct physical contact to the sample at the bottom of every oscillation.
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Using the surface contamination layer has a subs@tial a&vaﬁt;ge in prevént-ing tip and sam-
ple damage. The molecular layer that bonds directly to the sample and the tip surfaces is very hard
to rem(;ve. Because of the existence of this last chemisorpf layer, a tip with a small vibration ampli-
tude can be brought very glose to the surface withoﬁt significant damage. When the vibration am-
plitude is small, the energy stored m the vibrating cantilever is equivalent to the chemisorpt energy
of the surface molecular layer. Therefore; thé maximum possible damage in the near-contact mode
can only happen to this surface molecular layer. |

In the periodic c,;)ntact condition, tip damage was observeq. Two mechanisms for probe ge-
ometry changes were discovered. In the first mechanism, the probe changes geometry by picking up
contamination from the sample surface. In the second mechanism, the probe is physically worn off
by contacting the surface. Both of these mechanisms cause substantial reduction in lateral resolu-
tion. |

The image resolution increases as the tip-sample gap decreases. When the tip is in the near-
contact condition, high-resolution images can be acquired without tip and sample damage. There-
fore, the near-contact mode is the optimal working condition for VCM operation. ThlS mode can be
achieved by usihg a éantilever with a large S};ring constant, driving the cantilever with a small vi-

bration amplitude, and choosing a low set point.

Nanometer Scale Surface Potential Measurement

While the AFM VCM_operation maintains a constant average tip-sample gap, the electrical
potential of the surface can be measured by the Kelvin method, v;/hich’ is the concept of scanning
Kelvin-probe® férce microscopy (KFM). This surface potential imaging capability, which is a
variation of VCM operation, wz;s imple.mented on the new combined PPM/SEM instrument. It is a
.double feedback loop system, where the first loop is the ordinary VCM for trackirig surface topog-

raphy, and the second loop is used to measure surface potential with the Kelvin.method. Although
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this technique does not provide atomic resolution like the STM, it can image samples that are not
conductive enough for the STM. A standard éémple was developed to test the performance of this
surface potential imaging system.

With KFM, the fast time dependence of surface.potential was observed on a PZT piezoelectﬁc
ceramic sample, which confirmed that the surface contamination contains free charges to balance
the intrinsic charge on the highly polarized'piezoelectric surface. - |

The surface of a cross-section of GaAs MBE grown layers on a semiihsulating substrate was
studied. This is a sample not workable with STM due to the lack of conductivity. The surface po-
tential variation caused by the variation of the doping concentration was measured. The measured
surface potential was compared with the theoretical model, and the impurity concentration was de-

termined from the comparison.

Future Studies

For the combined AFM/SEM instrument, it is important to understand the possible interfer-
ence between the two microscopes. Studies should be made to 'undérstand the mechanism of the
additional force applied to the AFM cantilever by the electron beam. This additional force could be
caused by the momentum transfer from the electrons- and/or the localized static charging of the
cantilever. The AFM may be able to analyse the electron-beam induced surface contamination.

Future experiments on surface contamination layers should be performed under controlled
humidity.’ The relationship between the layer thickness and nanometer scale capillary force should
be measured. For §mall amplitude: VCM operation, the transition from near-contaétﬁto ph)-/sical
contact should be ir;vestigated. The existence of a tightly bonded molecular layer on the bottom of
the conté.mi'nation can be confirmed by comparing the tip-sample interactions on surfaces of polar
material with non-pola'r material. A qugntitative theoretical model, involving the specific stmcfure
of the surface contamination layer on both the tip and the sample, needs to be developed for unde;-

standing the nanometer-scale tip-sample interaction in air.
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