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Introduction

In the realm of atomic force microscopy (AFM) measurement techniques, kelvin probe force
microscopy (KPFM) stands out as the most widely adopted method due to its ability to
deliver precise, quantitative data on a sample's surface potential and work function, making
it invaluable for both scientific research and industrial applications. Traditional KPFM
methods, particularly amplitude-modulation KPFM (AM-KPFM), laid the groundwork for
measuring the contact potential difference (CPD) between an AFM tip and a sample.
However, rising demands for higher sensitivity and spatial resolution have exposed the
limitations of AM-KPFM, such as noise susceptibility and constrained resolution, leading to
the development of advanced methods like Sideband and Heterodyne KPFM (Table 1).

Table 1. Comparison between AM-, Sideband, and Heterodyne KPFM
Table 1 outlines the key principles, sensitivity, and suitability of the three KPFM modes,
highlighting their relative advantages and limitations.

KPFM Mode Principle Sensitivity Summary

AM-KPFM Measures the Lower sensitivity, Suitable for bulky
amplitude of more susceptible to | and rough surfaces
electrostatic force at | noise and but limited for small
a single frequency. background forces. | features.

Sideband KPFM Uses sideband Enhanced Improved over AM-
frequencies (sum sensitivity but may | KPFM, but
and difference of have sideband frequency artifacts
cantilever artifacts. can occur.
resonance).

Heterodyne KPFM Uses an offset Superior sensitivity | Highest resolution
frequency to create | and lower noise, and sensitivity but
a heterodyne with localized may face challenges
frequency separate | detection. on rough surfaces.
from resonance.

Fundamentals of Heterodyne KPFM

The heterodyne effect enables localized detection and clean signal isolation, significantly
improving the sensitivity and spatial resolution of surface potential measurements. Unlike
AM-KPFM and Sideband KPFM, Heterodyne KPFM shifts the CPD signal away from the
cantilever’s resonance frequency, minimizing noise and allowing for precise nanoscale
measurements.



Performance Evaluation of KPFM Modes

This evaluation compares the modes in terms of their technical capabilities, emphasizing
spatial resolution and noise sensitivity. Two materials, gold (Au) and aluminum (Al), were
tested in a controlled Au-Al-Au electrode configuration to compare measurement
performance.

Figure 2 illustrates KPFM potential line profiles, highlighting the limitations of AM-KPFM's
sensitivity to long-range forces and the superior spatial resolution of Heterodyne KPFM.

F14H20 Measurements

Figure 3 illustrates distinct differences in performance and resolution among the three
KPFM modes when measuring F14H20. Heterodyne KPFM demonstrated unparalleled
precision, effectively resolving nanoscale cluster boundaries (Figure 4), surpassing the
capabilities of Sideband KPFM.

Conclusion

By isolating surface potential signals from noise and resolving nanoscale details, such as
F14H20's cluster boundaries, Heterodyne KPFM demonstrates unparalleled suitability for
precision-dependent applications. These findings emphasize the importance of selecting the
appropriate KPFM mode based on the sample's characteristics and analysis requirements.



