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Surface charge (or potential) distributions of being very significant properties of materials influence various
physical and chemical processes on surfaces, and they have been measured using Kelvin probe force microscopy
(KPFM) and electrostatic force microscopy (EFM) combined with noncontact atomic force microscopy (NC-AFM).
Two types of KPFM detecting conservative force interactions, the frequency-modulation (FM) method and the
amplitude-modulation (AM) method, have been developed. FM-KPFM has the advantage of being sensitive to
short range interactions, and therefore, high spatial resolution is achievable. By contrast, AM-KPFM has the
advantage of high potential sensitivity, and it is possible to obtain atomic resolution with low ac bias voltages.
However, AM-KPFM is sensitive to long-range interactions, and the strong averaging effect of the cantilever

decreases the spatial resolution of this method. An increasing artifact to the topographic signal in FM-KPFM is

higher than in AM-KPFM because separation of the topographic and potential signals in FM-KPFM is harder.

In KPFM, when the tip moves closely over an adatom the relatively high bias voltage that is applied
between the tip and the sample can induce a considerable tunneling current. Frequency shift increases linearly
with this current and can be interpreted as a phantom force. It seriously affects the measurements of the surface
potential and measurable frequency shift contrast that is obtained by simultaneous KPFM/NC-AFM
measurements on semiconductor surface. When it comes to interpretations of the origin of the atomic contrast in
the local contact potential difference (LCPD) images, they are still not fully understood, and several controversy
hypotheses are discussed theoretically and experimentally. In the case of sex;liconductors, some authors attribute
the atomic resolution in KPFM images to possible artifacts of the topographic feedback, of resonant tunneling, to
the bias induced polarization or to quantum mechanical resonance, etc.

In short, it is necessary to develop novel methods to combine advantages both in FM- and AM-KPFM with
high potential/spatial sensitivity and low artifact, and it is also important to eliminate the phantom force effect
and to give unambiguous interpretations of the origin of the atomic LCPD images. Consequently, in this doctoral
dissertation our fundamental concern will be to develop novel KPFM measurement techniques to solve these
problems.

We propose a surface potential measurement method. This method is based on the heterodyne (. e.,
frequency conversion technique) and AM-KPFM techniques. We report that this method improves the sensitivity
of short-range forces and reduces the surface potential measurement crosstalk that is induced by topographic
feedback, which we called heterodyne AM-KPFM. The stray capacitance effect on potential measurements is
investigated by KPFM at room temperature (RT) in FM, AM and heterodyne AM methods. We show theoretically
that the distance-dependence of the modulated electrostatic force in AM-KPFM is much weaker than in FM- and
heterodyne AM-KPFMs, and that the stray capacitance of the cantilever, which seriously influences potential
measurements in AM-KPFM, is almost completely eliminated in FM- and heterodyne AM-KPFMs. We
experimentally confirm that the CPD in AM-KPFM which compensates the electrostatic force between the tip
and the surface is much larger than in FM- and heterodyne AM-KPFMs. This is due to the stray capacitance
effect. We also compare the corrugations in the LCPD among the three modes, and find that the LCPD
corrugation in AM-KPFM is much weaker than in FM- and heterodyne AM-KPFMs under low ac bias voltage
conditions. We attribute the very weak LCPD corrugation in AM-KPFM to an artifact induced by the
topographic feedback. Besides that, potential sensitivity in heterodyne AM-KPFM is similar to that of FM-KPFM
due to the high cantilever @ value under vacuum, and quantitative surface potential measurements are
demonstrated.

Besides, a novel FM-KPFM without feedback method is introduced to eliminate the phantom force and to find

the origin of the atomic LCPD images theoretically and experimentally. We illustrate how the phantom force is
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induced by the tunneling current (DC bias voltage) and in turn changes the electrostatic attraction between the
tip and the sample, and we explain how the FM-KPFM without feedback technique eliminate the phantom force.
By comparing FM-KPFM with and without feedback, FM-KPFM without feedback at different bias voltage, we
pointed out that the phantom force can be removed by the FM-KPFM without feedback method; and we provide
a new explanation experimentally for which the combination of tip induced the charge and the chemical force by
the orbital hybridization is responsible for the origin of the atomic LCPD images of semiconductor surfaces

utilizing FM-KPFM without feedback technique.
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