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This Supporting Information features a comparison of the working principles of heterodyne Kelvin

probe force microscopy (H-KPFM) and multi-frequency heterodyne electrostatic force microscopy

(MFH-EFM), all the raw and normalized data of the MFH-EFM frequency spectroscopy, the

full comparison of the MFH-EFM, SF-EFM, and H-KPFM images on the perfluoroalkyl-alkane

F(CF2)14(CH2)20H (F14H20) structures, and finally a comparison of the model data and the mea-

sured data on the microcapacitors.

Figure S1: Schematic comparison of the excitation and detection frequencies in H-KPFM and
MFH-EFM. The lower part shows the transfer function of the cantilever, where the amplitude is
plotted vs the logarithmic angular frequency. The upper part shows the excitation frequencies
(⇂) and the detection frequencies (↿) of the applied frequencies. The red arrow corresponds to
topography- and the blue arrow to the electrical signal. Representation of Figure S1 was inspired
by [1,2].

Table S1: Known capacitance methods from the literature 

compared to our new MFH-EFM method.

Reference in the Paper,

DOI

Force detection

method

Detecting second

capacity gradient

High Freq.

Sweep possible
Remarks

Jaensch2006 [3],

10.1016/j.physb.2005.12.227

NO NO NO

Tran2002 [4],

10.1109/CCECE.2002.1015268

NO NO NO dC/dV

Continued on next page
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Table S1 – continued from previous page

Reference in the Paper,

DOI

Force detection

method

Detecting second

capacity gradient

High Freq.

Sweep possible
Remarks

Raineri2001 [5],

10.4028/www.scientific.net/SSP.78-79.425

NO NO NO dC/dV

Barrett1991 [6],

10.1063/1.349388

NO NO NO

Yamamoto1996 [7],

10.1143/JJAP.35.3793

NO NO NO dC/dV

Goto1997a [8],

10.1063/1.1147749

NO NO NO dC/dV

Goto1997 [9],

10.1117/12.271216

NO NO NO C

Fumagalli2006 [10],

10.1088/0957-4484/17/18/009

NO NO NO

Fumagalli2007 [11],

10.1063/1.2821119

NO NO NO

Gomila2008 [12],

10.1063/1.2957069

NO NO NO

Fumagalli2009 [13],

10.1021/nl803851u

NO NO NO

Matey1985 [14],

10.1063/1.334506

NO NO NO C

Arakawa2001 [15],

10.1116/1.1379796

NO NO NO V

Continued on next page
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Table S1 – continued from previous page

Reference in the Paper,

DOI

Force detection

method

Detecting second

capacity gradient

High Freq.

Sweep possible
Remarks

Lee2006 [16],

10.1088/0957-4484/17/5/054

NO NO NO dC/dV

Lee2002 [17],

10.1063/1.1505655

NO NO NO dC/dV

Isenbart2001 [18],

10.1007/s003390100793

NO NO NO dC/dV

Kopanski1998 [19],

10.1063/1.121397

NO NO NO C

Casuso2007 [20],

10.1063/1.2767979

NO NO NO C

Biberger2008 [21],

10.1016/j.microrel.2008.06.013

NO NO NO dC/dV

Smoliner2001 [22],

10.1063/1.1415044

NO NO NO dC/dV

Brezna2003 [23]

10.1063/1.1628402

NO NO NO dC/dV

Giannazzo2006 [24],

10.1116/1.2151907

NO NO NO C

Brezna2006 [25],

10.1063/1.2189030

NO NO NO dC/dV

Futscher2019 [26],

10.1039/C9MH00445A

NO NO NO C

Continued on next page
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Table S1 – continued from previous page

Reference in the Paper,

DOI

Force detection

method

Detecting second

capacity gradient

High Freq.

Sweep possible
Remarks

Kopanski1997 [27],

10.1016/S0921-5107(96)01797-7

NO NO NO dC/dV

Kopanski1996a [28],

10.1116/1.588455

NO NO NO

Goto1998 [29],

10.1063/1.368617

NO NO NO C

DeVoogd2017 [30],

10.1016/j.ultramic.2017.05.009

NO NO NO C

Hiranaga2019 [31],

10.1063/1.5097906

NO NO NO

Kobayashi2002 [32],

10.1063/1.1510582

YES NO NO dC/dV

Martin1988 [33],

10.1063/1.99224

YES NO NO

Abraham1991 [34],

10.1116/1.585536

YES NO NO

Gramse2009 [35],

10.1088/0957-4484/20/39/395702

YES NO NO

Fumagalli2010 [36],

10.1063/1.3427362

YES NO NO

Fumagalli2012 [37],

10.1038/nmat3369

YES NO NO

Continued on next page
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Table S1 – continued from previous page

Reference in the Paper,

DOI

Force detection

method

Detecting second

capacity gradient

High Freq.

Sweep possible
Remarks

Gramse2012 [38],

10.1063/1.4768164

YES NO YES

Gramse2013 [39],

10.1016/j.bpj.2013.02.011

YES NO NO

Kimura2003 [40],

10.1016/S0169-4332(02)01486-1

YES NO NO dC/dV

Henning1996 [41],

10.1016/S0921-5107(96)01688-1

YES NO NO

Checa2021 [42],

10.1063/5.0078034

YES NO NO

Li1998 [43],

10.1103/PhysRevB.57.9225

YES NO NO

Gil2003 [44],

10.1088/0957-4484/14/2/345

YES NO NO

Fukuzawa2020 [45],

10.1063/1.5127219

YES NO NO dC/dV

Izumi2023 [46],

10.3762/bjnano.14.18

YES NO NO

Cherniavskaya2003 [47],

10.1021/jp0265438

YES NO NO

Crider2007a [48],

10.1063/1.2753539

YES YES NO low freq. sweeps

Continued on next page
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Table S1 – continued from previous page

Reference in the Paper,

DOI

Force detection

method

Detecting second

capacity gradient

High Freq.

Sweep possible
Remarks

Cadena2016 [49],

10.1021/jp0265438

YES NO YES

Riedel2010 [50],

10.1103/PhysRevE.81.010801

YES YES NO
lift mode,

freq. tracking

Gramse2019 [51],

10.1039/C8NR05880F

YES YES YES*
*: phase

modulation

Gramse2020 [52],

10.1038/s41928-020-0450-8

YES YES YES§
§: limited to

1 MHz

Our Method:

MFH-EFM
YES YES YES

dC/dV

possible

Figure S2: Raw data taken from the microcapacitors shown in Figure 2 in MFH-EFM mode. (a)
The topography and (b) the 𝐴det from the measurement. The image is not converted into 𝐶′′ values
but the relation is the same.
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Figure S3: Non-normalized data of the comparison of the 𝐶′′ frequency sweep shown in Figure
6 on the four spots while in MFH-EFM (see Equation 12). This was conducted with the 𝜇masch’s
HQ:NSC18/Pt cantilever.
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Figure S4: Zoom of the non-normalized data from the comparison of the 𝐶′′ frequency sweep
shown in Figure 6 on the four spots while in MFH-EFM (see Equation 12). This was conducted
with the 𝜇masch’s HQ:NSC18/Pt cantilever.
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Figure S5: Normalized data of the 𝐶′′ frequency sweep shown in Figure 6 on the three spots while
in MFH-EFM (see Equation 12). This was conducted with the 𝜇masch’s HQ:NSC18/Pt cantilever.
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Figure S6: Zoomed and normalized data of the 𝐶′′ frequency sweep shown in Figure 6 on
the three spots while in MFH-EFM (see Equation 12). This was conducted with the 𝜇masch’s
HQ:NSC18/Pt cantilever.
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Figure S7: Non-normalized data of the phase signal 𝜑 spectra of the comparison from the 𝐶′′ fre-
quency sweep shown in Figure 6 on the four spots while in MFH-EFM (see Equation 12). This was
conducted with the 𝜇masch’s HQ:NSC18/Pt cantilever.
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Figure S8: Zoom of the non-normalized data of the phase signal 𝜑 spectra of the comparison from
the 𝐶′′ frequency sweep shown in Figure 6 on the four spots while in MFH-EFM (see Equation 12).
This was conducted with the 𝜇masch’s HQ:NSC18/Pt cantilever.
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Figure S9: Non-normalized data of the comparison of the 𝐶′ frequency sweep shown in Figure 6
on the four spots while in SF-EFM mode (see Equation 13). This was conducted with the 𝜇masch’s
HQ:NSC18/Pt cantilever.
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Figure S10: Zoom of the non-normalized data of the comparison of the 𝐶′ frequency sweep
shown in Figure 6 on the four spots while in SF-EFM mode (see Equation 13). This was conducted
with the 𝜇masch’s HQ:NSC18/Pt cantilever.
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Figure S11: Normalized data of the 𝐶′ frequency sweep shown in Figure 6 on the three spots
while in SF-EFM mode (see Equation 13). This was conducted with the 𝜇masch’s HQ:NSC18/Pt
cantilever.
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Figure S12: Zoomed and normalized data of the 𝐶′ frequency sweep shown in Figure 6 on the
three spots while in SF-EFM mode (see Equation 13). This was conducted with the 𝜇masch’s
HQ:NSC18/Pt cantilever.
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Figure S13: Non-normalized data of the phase signal 𝜑 spectra of the comparison of the 𝐶′ fre-
quency sweep shown in Figure 6 on the four spots while in SF-EFM mode (see Equation 13). This
was conducted with the 𝜇masch’s HQ:NSC18/Pt cantilever.
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Figure S14: Zoom of the non-normalized data of the phase signal 𝜑 spectra of the comparison of
the 𝐶′ frequency sweep shown in Figure 6 on the four spots while in SF-EFM mode (see Equation
13). This was conducted with the 𝜇masch’s HQ:NSC18/Pt cantilever.
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Figure S15: Full version of the MFH-EFM pictures given in Figure 7. MFH-EFM pictures made
on F14H20 with (a) the topography, (b) the contact potential difference (CPD) picture, (c) the 𝐶′′

picture detected at 𝜔𝑚,2, while excitation took place at frequencies 1.59 and 1.98 MHz (d) electric
phase 𝜑el of the 𝐶′′ signal detected at 𝜔𝑚,2, while excitation took place at frequencies 1.59 and
1.98 MHz, (e) the 𝐶′′ picture detected at 𝜔𝑚,2, while excitation took place at frequencies 15.88
and 16.28 MHz, (f) electric phase 𝜑el of the 𝐶′′ signal detected at 𝜔𝑚,2, while excitation took place
at frequencies 15.88 and 16.28 MHz, (g) the 𝐶′ picture detected at 𝜔𝑚,2, while excitation took
place at 235.579 kHz, (h) electric phase 𝜑el of the 𝐶′ signal detected at 𝜔𝑚,2, while excitation took
place at frequency 235.579 kHz, (i) the picture of the mechanical amplitude at the resonance fre-
quency of 74.580 kHz, and (j) the picture of the mechanical phase at the resonance frequency of
74.580 kHz. This was conducted with the 𝜇masch’s HQ:NSC18/Pt Cantilever.
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Figure S16: A comparison of the measured 𝐶′′ values on various capacitors, as shown in Figure
2, is presented. The measurements, performed using the NuNano SPARK 70 Pt cantilever (solid
lines), are contrasted with the theoretical contributions of the respective components to the first nu-
merical derivative 𝐶′ of the capacitance (dotted lines) as a function of the tip-to-sample distance, 𝑧
For the theoretical calculations, the properties of the NuNano SPARK 70 Pt cantilever (𝑤 = 30 µm,
𝑙 = 225 µm, 𝛼 = 11 deg, ℎ = 12 µm, 𝜃 = 25 deg, 𝑟 = 18 nm, 𝛿 = 3.7 · 10−7) with an mechanical
amplitude of 𝐴m = 10 nm, an excitation voltage of 𝑉AC = 2 V, and a total amount of calculated
points of 100,000, was used for these.
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Figure S17: A comparison of the measured 𝐶′ values on various capacitors, as shown in Figure
2, is presented. The measurements, performed using the NuNano SPARK 70 Pt cantilever (solid
lines), are contrasted with the theoretical contributions of the respective components to the first nu-
merical derivative 𝐶′ of the capacitance (dotted lines) as a function of the tip-to-sample distance, 𝑧.
For the theoretical calculations, the properties of the NuNano SPARK 70 Pt cantilever (𝑤 = 30 µm,
𝑙 = 225 µm, 𝛼 = 11 deg, ℎ = 12 µm, 𝜃 = 25 deg, 𝑟 = 18 nm, 𝛿 = 3.7 · 10−7) with an mechanical
amplitude of 𝐴m = 10 nm, an excitation voltage of 𝑉AC = 2 V, and a total amount of calculated
points of 100,000, was used for these.
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