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S1: Comparison of AM-KPFM with H-KPFM
Amplitude modulated KPFM (AM-KPFM) in lift (2-pass) mode is the most common implementation of KPFM, mainly due to its easy implementation. However, as it is based in force detection instead of force gradient detection, its CPD accuracy suffers from non-local stray capacitance between cone, cantilever, and sample, resulting in a reduction of spatial resolution and quantitativeness. To solve that issue, Sugawara et al.1 developed heterodyne KPFM (H-KPFM), which boosts short range force sensitivity reducing CPD crosstalk.
There are a few different implementations of force-gradient sensitive KPFM (see details of each implementation in 2), but 2 of them are the most commonly used:
i) FM Sideband KPFM, where the frequency of electrical excitation is lower than the first eigenmode of the cantilever (ωE < ω0), while the detection is performed using the sidebands at ωm ± ωE with the mechanical oscillation frequency ωm at the first eigenmode. In this implementation, ωm should be sufficiently high to decouple the detection sidebands from the mechanical carrier, which turns into a decrease of the SNR as detection is performed further away from the resonance. Therefore, this mode typically uses higher AC voltages and low detection bandwidths, limiting the speed of the measurement.
ii) FM Heterodyne KPFM, where the electrical excitation is performed at ωE= ω1- ω0, which shifts the sideband frequency to the second eigenmode of the cantilever ω1. The main advantage of it being the use of resonance amplification, boosting SNR, enabling faster imaging speeds. This is the implementation we have used in this work, and it is also the implementation of the benchmark high-speed KPFM by Garret et al3,4.
In Figure S1 we show the implementation of AM-KPFM and H-KPFM onto the same sample (interdigitated electrodes deposited onto glass). CPD maps are acquired during DC bias application between the planar electrodes. Images (S1a and S1b) show the superior locality of H-KPFM and profiles in S1c show how AM-KPFM fails to recover the ±1.5V externally applied due to the previously mentioned artifacts. Finally, in Figure S1d both techniques are also applied to image 2D WS2 flakes deposited onto a silicon substrate (same sample as Figure 1 in the main manuscript), where we can see the increased spatial resolution of H-KPFM through the sharper edges of the flake as compared to the AM-KPFM image (S1d Inset). 
[image: ]
Figure S1: a) AM-KPFM and b) H-KPFM of the interdigitated electrodes, applying an external voltage of ±1.5V. c) Profiles of the AM-KPFM and H-KPFM images. d) H-KPFM of a WS2 flake grown on a Si substrate. Inset is the AM-KPFM of the same region.
S2: Detailed schematics of the experimental setup
[image: ]
Figure S2: Detailed schematic of the experimental setup for SS-KPFM: A python script sets up the scan parameters and sends it to LabVIEW, which generate the X and Y piezo volage signals and inputs it to the FPGA, which sends it to the XY scanner through the AFM controller. H-KPFM is running in parallel using an external Lock-in amplifier while the spiral scan path is being performed. CPD and topography are read by the FPGA and sent to LabVIEW. Finally, Python performs the GP processing on sparse scan data to obtain the final CPD Map.
S3: SNR analysis
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Figure S3: a) Raw data of raster scan H-KPFM image. b) Masked raster scan H-KPFM image. c) GP reconstructed image in b. e) Raw data of SS-KPFM. F) GP reconstructed image in e. d) Profiles along the black dashed line.

S4: Correlation Length parameter for GP inpainting
In Figure S1 we can see the effect of the correlation length for the GP algorithm. There is a compromise between spatial resolution and signal to noise ratio. Images inpainted using longer correlation length seem to have less spatial resolution and less noise appearing as more “blurred” but “smooth”, whereas images using shorter correlation length seem to have more spatial resolution, but also more noise.
[image: ]
Figure S4: a) Raw data for the 24 cycles spiral on the WS2 triangular flake (same as in Figure 2 of the main manuscript). b) GP inpainting with L=2. c) GP inpainting with L=3. d) GP inpainting with L=4. e) GP inpainting with L=5. f) GP inpainting with L=7. g) GP inpainting with L=10. h) Profiles.

S5: Animation of SS-KPFM for negative bias on LAO/STO. (Attached)
S6: Animation of SS-KPFM for positive bias on LAO/STO. (Attached)




S7: Bulk Impedance measurements
[image: ]
Figure S5: a) Nyquist plot of the LAO/STO planar device for a 100mV AC bias. b) Characteristic times of the device derived from a. c) Nyquist plot of the LAO/STO planar device for a 500mV AC bias. d) Characteristic times of the device derived from c.


S8: CPD evolution with lateral DC bias
CPD signal shows that the long characteristic time (10s range) is not activated for biases below 500mV, where there is only a fast response (on the ms range). Which points towards the slower response being related to the activation of a faradaic process.
[image: ]
Figure S6: a) H-KPFM CPD maps over the grounded electrode as a function of lateral DC bias from 0V to +6V. b) CPD line profiles over each different DC bias step. c) CPD temporal profile along a black dashed line in a.
S9: Animation of SS-KPFM for +10V. (Attached)
S10: Animation of SS-KPFM for +8V. (Attached)
S11: Animation of SS-KPFM for +5V. (Attached)
S12: Animation of SS-KPFM for -5V. (Attached)
S13: Animation of SS-KPFM for -8V. (Attached)
[bookmark: _Hlk128751506]S14: Animation of SS-KPFM for -10V. (Attached)
S15: Gradient images for TiO2 data set.
[image: Shape
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Figure S7: a) Topography image. b) Gradient of the topography, which highlights the grain boundaries. c) and d) are CPD images after 10V and 8V bias pulses, respectively. e) and f) are the corresponding CPD gradient images, where the borders of the charge injected regions are highlighted. Gradient images are calculated as the square root of the sum of the squares of the gradient along x and y directions.
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