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Theoretical and Experimental Study on Surface Potential Measurement Method at the Atomic Level
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Atomic force microscopy (AFM) has become a powerful tool f01_' imaging surface structures
with atomic resolution, especially on insulator surfaces. Among the AFM imaging modes,
frequency-modulation AFM (FM-AFM) is the most widely used because of its extremely high
spatial resolution. In FM-AFM, a cantilever is oscillated close to the resonance frequency f; nnder
a constant amplitude. The frequency shift of the cantilever due to the tip-sample interaction is
detected, which is used as a feedback signal to image the surface structure. FM-AFM has been
widely used on semiconductor, metallic, and insulating surfaces.

Kelvin probe force microscopy (KPFM), which is based on AFM, is a method of mapping
the contact potential difference (CPD) induced by the difference in the work finction between the
tip and the sample surface. The CPD can be compensated by applying a dc bias voltage.
Depending on the detection mode, KPFM can be divided into FM-KPFM, amplitude modulation
(AM)-KPFM, and heterodyne AM-KPFM. In FM-KPFM, the electrostatic force is derived from
Af. An ac bias voltage with a modulated frequency f plus a dc bias voltage are applied between
the tip and sample, and fi should be lower than f; and higher than the topographic feedback
bandwidth. In AM-KPFM, the electrostatic force is derived from the amplitude variation A4 of
the cantilever oscillation at the second resonance frequency 2, and f is set to f;. In heterodyne
AM-KPFM, the electrostatic interaction force is detected from A4 for the cantileyer oscillation at
f2, and fo is tuned to the frequency difference. In AM-KPFM, the distance dependence of the
modulated electrostatic force between the tip and sample is weaker ( 1/z), where z is the tip-sample
distance. The surface potential measurement is significantly affected by the stray capacitance
between the cantilever and the surface, which induces an artifact in KPFM images. In contrast,
FM- and heterodyne AM-KPFMs are sensitive to the short-range force due to the strong distance
dependence of 1/z°. Actually, the measurement system of heterodyne AM-KPFM is complicated
and its application is retained. The three types of KPFM have bias feedback loops, which probably
involve instability due to the oscillation of the feedback loop. Although the use of a low feedback
gain can prevent such instability, the imaging takes a relatively long time. In addition, the applied
dc bias voltage may induce band bending or even a current, which induces a phantom force and
affects the KPFM measurement. CPD measurement by FM-KPFM without bias voltage feedback
has been proposed. In this method, an ac bias voltage (Ve c0s27fn £) is applied between the tip




and sample, and the f and fom components of Af are used to calculate the CPD, where the bias
feedback loop is removed. The bandwidth of the phase-locked loop used to measure Af should be
at least fom. This method has several advantages: it avoids the instability of the bias feedback

circuit and has a high spee&ﬂ b\;'@-to the non—usé-:ua feedbéc;k loop._The disadvantage is the
reduced signal-to-noise ratio owing to the setting of a wider bandwidth. Using this method, the
detection of the CPD on an Aw/Si(111) suﬁace has been studied, and surface steps and Au islands
were observed in topographic and CPD images, although atomic resolution images have not been
realized. '

In this research, we inve_stigatéd the capability of obtaining atomic resolution surface
potential images by frequency-modulation Kelvin probe force microscopy (FM-KPFM)} without
bias voltage feedback. We theoretically derived equations representing the relationship between
the contact potential difference and the frequency shift (Af) of an oscillating cantilever. For the
first time, we obtained atomic resolution images and site-dependent spectroscopic curves for Af
and Vicep on a Si(111) surface. FM-KPFM without bias voltage feedback does not involve the
influence of the FM-KPFM controller because it has no deviation from a parabolic dependence
of Afon the dc bias voltage.

The dissertation has seven chapters.

Chapter I Introdunction

We begin this chapter by introducing surface scieace and surface analysis methods. Next,
we describe the history of AFM and KPFM, and compare the advantages and disadvantages of
KPFM. Finally, focusing on unsolved questions of KPFM, we present the motivation of this
theoretical and experimental study of surface potential measurement method at the atomic level,

and end with an outline of the chapters.

Chapter 2 Principles of FM-AFM and FM-KPFM

This chapter begins with an introduction to the interaction forces between the oscillating
cantilever in FM-AFM and the sample surface. In our research, the main interaction forces can be
classified into three types: long-range van der Waals fdrce, long-range electrostatic force, and
short-range chemical forces. Next, we describe the theoretical relationship between the frequency
shift and interaction forces, and clarify the noise that always appears in measurements. In Section
2.3, we explain the theory of FM-KPFM. We introduce the basic physical quantities related to
KPFM and explain the relationship between the electrostatic force and CPD.




Chapter 3 Low-temperature UHV FM-AFM and FM-KPFM equipment

_ 'i"l—le é-q'uipment and the control circuits for FM-AFM and FM-KPFM systems are described
in this chapter. We first describe a UHV system. Next, we show the cryogenic and vibration
isolation system, which maintains the AFM unit at a low temperature with high mechanical
stability. Then, we explain the mechanical components and the working mechanism of the AFM
unit. Finally, we present the FM-AFM and FM-KPFM control systems. They send out driving
signals, control the operations of the AFM units and collect information about the topography and
potential of the surfaces.

Chapter 4 Investigation of the surface potential on TiO2(110)-1 x 1 surface by FM-KPFM
Chapter 4 is devoted to the investigation of the surface potential on a rutile TiOz(110)-1 % 1
surface, particularly the surface defects. We first give a concise introduction of the physical
structure of the surface. Next, we introduce the experimental details, which include the
preparation of the TiO(110)-1 x 1 surface and the iridinm-coated Si cantilever, and the three-
dimensional bias spectroscopic mapping method. The latter can avoid unstable noise that occurs
in FM-KPFM. In Section 4.4, we give the experimental result. Two typical surface AFM contrasts
(hole-mode and protrusion-mode) of TiO(110) are shown. A surface potential image in hole-
mode and an atomic-specific three-dimensional bias-z-spectroscopic mapping are shown. We
suggest the origins of the surface poteﬁtial for a metal oxide surface. Finally, we point out the
Limits of FM-KPFM, and state why further research into FM-KPFM without bias voltage feedback

is necessary.

Chapter 5 Investigation of the surface potential by FM-KPFM without bias voltage
feedback

We prove the capability for resolving surface potential images at atomic resolution using
FM-KPFM without bias voltage feedback. In Section 5.2, we describe the theory of FM-KPFM
without bias voltage feedback. Next, we explain the experimental methods. Then, we show Vicep
images and the Vicep spectroscopic curves for FM-KPFM without bias voltage feedback. Lastly,

we demonstrate that this method reduces the ohmic voltage drop near the tip-sample junction.

Chapter 6 Development of heterodyne FM-KPFM without bias voltage feedback

Based on FM-KPFM without bias voltage feedback, we propose heterodyne FM-KPFM
without bias voltage feedback. In Section 6.2, we introduce the basic principles. In Section 6.3,
we explain the experimental set-up and the two-dimensional spectroscopic mapping method.

Then, we prove its capability by measuring the surface contrast in topo graphy mode and constant




height mode. Additionally, we discuss the two-dimensional force and charge polarization
mapping on a semiconductor surface. This chapter ends with a discussion of the origin of the

atomic resolution contrast of the surface potential.

Chapter 7 Conclusion and ontlook

We give a summary, and describe the future directions in this subject.
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