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Abstract12

We present Heterodyne Scanning Capacitance Microscopy (H-SCM) as a novel multi-frequency13

electrostatic force microscopy method for nanoscale capacitance characterization. Next to a high14

spatial resolution, the key advantage of the multi-frequency approach of H-SCM is that it allows for15

operation at almost arbitrary frequencies, enabling the measurement of the local dielectric function16

over a wide range of frequencies. We demonstrate the reliable operation of H-SCM using standard17

Atomic Force Microscopy (AFM) equipment plus an external lock-in amplifier up to a frequency of18

5 MHz. Our results show a significant reduction of signal background, resulting in higher locality19

of the measurements with less cross-talk. Combined with improved models for the tip-sample ca-20

pacity, H-SCM will pave the way for quantitative studies of dielectric effects in nanoscale systems21

in materials science, biology, and nanotechnology.22
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dyne frequency mixing; Kelvin Probe Force Microscopy; quantitative force spectroscopy; scanning25

capacitance microscopy; multi frequency AFM;26

Introduction27

Technological progress in fields including electronics, energy storage, photonics, and biomedi-28

cal devices would not have been possible without the development of new materials. Progress in29

these areas requires a detailed understanding of material properties, particularly at the nanoscale,30

where phenomena such as quantum confinement, interface effects, and defect dynamics play a31

critical role. Innovations in characterization techniques have enabled researchers to explore these32

properties with unprecedented precision, paving the way for the design of materials with tailored33

functionalities[1-6].34

Dielectric properties are fundamental for understanding the behavior and performance of various35

material systems, as they directly influence charge storage, polarization, and energy dissipation36

mechanisms. For instance, in microelectronic devices, high-𝜅 dielectric materials such as HfO2 and37

ZrO2 are critical for minimizing leakage currents and enhancing gate capacitance in transistors[7-38

9]. In energy storage systems, the dielectric constants of polymer-ceramic composites determine39

the efficiency and reliability of capacitors[10]. Similarly, in next-generation photovoltaic devices,40

the dielectric properties of absorber layers, such as lead-halide perovskites, affect carrier recombi-41

nation and electric field distribution, thereby influencing power conversion efficiency[11].42

At the nanoscale, the importance of dielectric properties becomes even more pronounced. Many43

advanced materials exhibit nanoscale structural heterogeneity, where quantum confinement, phase44

composition, and interfacial effects cause significant deviations in dielectric behavior compared to45

bulk materials[12,13]. These nanoscale variations influence key properties such as charge trans-46

port, polarization dynamics, and defect distributions, directly impacting the performance of micro-47

electronic and energy systems[14,15]. Understanding these effects requires correlating nanoscale48

dielectric properties with structural and morphological features.49

Scanning probe techniques have revolutionized nanoscale material characterization. Since the in-50
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vention of Scanning Tunneling Microscopy (STM)[16] and Atomic Force Microscopy (AFM)[17],51

various electric force-based methods have emerged to study materials like perovskite solar cells[18-52

20] and Li-ion batteries[21-23]. AFM enables simultaneous acquisition of topographic and elec-53

tronic data by applying AC or DC voltages across the tip-sample gap, allowing the detection of54

capacitive forces[24,25] or contact potential difference (CPD)[18]. Its exceptional spatial reso-55

lution, ranging from sub-micron[24,26] to atomic scales[27,28], makes AFM a powerful tool for56

nanoscale analysis.57

Scanning capacitance microscopy (SCM) is another widely used technique for capacitance mea-58

surements. SCM quantifies intrinsic material properties, such as film thickness[29,30] and dielec-59

tric constants[30,31], with superior spatial resolution compared to conventional methods like el-60

lipsometry or reflectance spectroscopy[30]. However, existing techniques face limitations due to61

nonlocal stray capacitances[32] and reliance on external cables and sensors, which compromise62

measurement accuracy and resolution[33,34].63

To address these challenges, we present a novel, multi-frequency AFM-based method for nanoscale64

capacitance characterization. Our approach measures the second capacitance gradient
(
∝ 𝜕2𝐶

𝜕𝑧2

)
,65

enhancing localization by minimizing stray capacitance contributions[35]. This method enables66

high-frequency capacitance gradient spectroscopy without requiring specialized equipment beyond67

a lock-in amplifier.68

The following sections introduce the theoretical framework of multi-frequency Electrostatic Force69

Microscopy (EFM), demonstrate its resolution enhancement experimentally, and validate its spec-70

troscopic capabilities by measuring nanoscale dielectric properties of microfabricated SiO2 sam-71

ples. Finally, we compare its performance with established techniques through capacitance imaging72

of a Perfluoroalkyl-Alkane F(CF2)14(CH2)20H (F14H20) sample.73
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Theory74

Multi-frequency Electrostatic Force Microscopy75

The electrostatic force 𝐹ES between tip and sample can be understood in terms of the gradient of76

the energy, 𝑊𝐶 , stored in the tip-sample capacitor 𝐶 with respect to the tip-sample separation 𝑧, as77

given by78

𝐹ES =
𝜕𝑊𝐶

𝜕𝑧
=

1
2
· 𝜕𝐶
𝜕𝑧

· 𝑉2
tip-sample, (1)79

where 𝑉tip-sample specifies the electrical voltage across the tip-sample gap. In conventional EFM80

with single-frequency excitation, 𝑉tip-sample is given by eq. (2).81

𝑉ES = 𝑉DC −𝑉CPD +𝑉AC · sin(𝜔e · 𝑡)[18]. (2)82

with 𝑉DC the direct current (DC)-Voltage offset applied to the tip, 𝑉AC the alternating current (AC)83

voltage amplitude with the frequency 𝜔AC at a certain time 𝑡 and 𝑉CPD the contact potential differ-84

ence (CPD), which corresponds to the difference in tip and sample work function[18]. Inserting85

equation eq. (2) into equation eq. (1), we obtain the following expression:86

𝐹ES =
1
2
𝜕𝐶

𝜕𝑧

(
(𝑉DC −𝑉CPD)2 +

𝑉2
AC
2

)
(3a)87

+ 𝜕𝐶

𝜕𝑧
(𝑉DC −𝑉CPD) 𝑉AC sin(𝜔e 𝑡) (3b)88

+ 𝜕𝐶

𝜕𝑧

𝑉2
AC
4

cos(2𝜔e 𝑡) (3c)89

Alongside a static component in eq. (3a), the electrostatic force has periodic time-dependent90

components at frequencies 𝜔e and 2𝜔e which corresponds to eqs. (3b) and (3c), respectively. In91

the case of an oscillating AFM tip, the tip-sample distance 𝑧 and thereby the tip-sample capaci-92

tance and its gradients is changing periodically. This periodic fluctuation of the capacity gradient93

𝐶′(𝑡) = 𝜕𝐶
𝜕𝑧
(𝑡) adds an additional dynamic component to eq. (3). Using a Fourier expansion for the94
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capacitance gradient 𝐶′(𝑡) = 𝜕𝐶
𝜕𝑧
(𝑡) yields[18]:95

𝐶′(𝑡) = 𝐶′(𝑧0) + 𝐶′′(𝑧0) · 𝐴m · cos (𝜔m𝑡) + . . . (4)96

By inserting eq. (4) into eq. (3), we find that frequency mixing between 𝐶′(𝑡) and the electrostatic97

excitation leads to sidebands at frequencies 𝜔SB,1 = (𝜔m ± 𝜔AC) and 𝜔SB,2 = (𝜔m ± 2𝜔AC) next98

to the the mechanical oscillation at 𝜔𝑚[18]. The amplitude of the first harmonic frequency com-99

ponents is used in conventional amplitude modulation (AM) and sideband or heterodyne Kelvin100

Probe Force Microscopy (KPFM)[18]. The second harmonic signals are proportional to the local101

capacity gradients, providing information about the local tip-sample capacitance. To ensure a suf-102

ficient signal-to-noise ratio, the resulting frequencies should coincide with one of the cantilever’s103

resonance frequencies, limiting the choice of excitation frequencies.104

We can avoid this limitation by using a multi-frequency excitation approach. With a double-105

frequency excitation, we can write the tip-sample voltage as106

𝑉tip-sample = 𝑉AC,1 · sin
(
𝜔e,1

)
+𝑉AC,2 · sin

(
𝜔e,2

)
(5)107

In the case of two drives with identical amplitude 𝑉AC,1 = 𝑉AC,2 =
𝑉AC

2 , eq. (5) can be rearranged as108

𝑉tip-sample = 𝑉AC · sin
(𝜔e,1 − 𝜔e,2

2
𝑡

)
· sin

(𝜔e,1 + 𝜔e,2

2
𝑡

)
. (6)109

Thus, the waveform can be viewed as a high-frequency oscillation at (𝜔e,1 + 𝜔e,2)/2 with a low-110

frequency amplitude modulation at frequency (𝜔e,1 − 𝜔e,2)/2 = Δ𝜔e/2. This effect is also known111

as "beating" and is utilized in the AFM context for example in intermodulation AFM[36-39].112

By inserting eq. (4) and eq. (6) in eq. (3), we obtain the full expression for the electrostatic force.113
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Here, we will focus on the DC force component in eq. (3a) and set 𝑉DC −𝑉CPD = Δ:114

𝐹DC =
1
2
(
𝐶′ + 𝐶′′𝐴m sin (𝜔m𝑡) + . . .

)
·
[
Δ2 +

𝑉2
AC
2

sin2 (Δ𝜔e/2𝑡)
]

115

=
1
2
𝐶′

[
Δ2 +

𝑉2
AC
4

]
+ 1

8
𝐶′𝑉2

AC cos (Δ𝜔e𝑡) (7a)116

+ 1
2
𝐶′′𝐴m

[
Δ2 +

𝑉2
AC
4

]
sin (𝜔m𝑡) +

1
16

𝐶′′𝐴m𝑉
2
AC sin ((𝜔m ± Δ𝜔e𝑡) (7b)117

In addition to a static force term identical to eq. (3a), eq. (7a) contains a term proportional to 𝐶′ at118

frequency 2𝜔mod = Δ𝜔. This force has been used for AM based dielectric spectroscopy[31,40-46].119

The second term eq. (7b) contains a force component at the mechanical drive frequency 𝜔m and at120

a sideband frequency 𝜔m ± 2𝜔mod. The latter one is independent of of the local CPD, making it121

interesting for dielectric measurements. As the magnitude of this force component depends on 𝐶′′,122

we can expect a superior lateral resolution through a reduction of long-ranged force contributions123

from tip cone and cantilever. As in the case of conventional EFM, signal-to-noise is greatly im-124

proved by choosing Δ𝜔e such that one of the induced sidebands falls on one of the cantilever’s me-125

chanical resonances. We call this method heterodyne Scanning Capacitance Microscopy (H-SCM).126

To calculate the second capacitance gradient, we need to calculate the electrostatic force from the127

detected amplitude signal, 𝐴det, taking into account the cantilever’s frequency-dependent spring128

constant or transfer function, 𝑘 (𝜔).129

𝜕2𝐶

𝜕𝑧2 = 𝐶′′ =
16 𝐴det · 𝑘 (𝜔)

𝐴m · 𝑉2
AC

(8)130

Interestingly, the forces in eq. (7b) are only dependent on the frequency difference, Δ𝜔e, of the131

electrical drive frequencies. Thus, the experiments can be performed at almost arbitrarily high AC132

frequencies. The lower limit for the frequency range is given by the second resonance of the can-133

tilever. Towards higher frequencies, the impedance of the electrical connection will introduce a134

damping of the excitation signal that has to be considered in eq. (8). By using appropriate means of135

coupling the electrical excitation into the tip-sample gap, experiments at microwave or even at opti-136
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cal frequencies are possible. In our setup, the two excitation frequencies can be varied in frequency137

from ≈ 600 kHz up to at least 50 MHz, limited by the bandwidth of the lock-in amplifier. To reach138

a nanoscale sensitive measurement of the dielectric constant in media besides air, a detection at139

higher excitation frequencies in the MHz regime is strictly necessary[47].140

The indirect detection of local capacity variations by means of an electrstatic force has the advan-141

tage that it does not require additional devices for the measurement except for the lock-in ampli-142

fier (LIA) similar to the work of Gramse et al.[48]. Nevertheless, to quantify the total tip-sample143

capacitance will require varying the distance, e.g. by force-distance spectroscopy.144

Methods145

Heterodyne Scanning Capacitance Microscopy (H-SCM) to measure the sec-146

ond capacitive gradient 𝐶′′
147

We perform heterodyne Scanning Capacitance Microscopy (H-SCM) using a conductive AFM can-148

tilever in tapping mode with a mechanical drive near the fundamental cantilever eigenmode 𝜔m,1149

with a mechanical amplitude 𝐴m. Additionally, we apply two high-frequency electrical excitations150

of identical magnitude (𝑉AC,1 = 𝑉AC,2) at the frequencies 𝜔e,1 and 𝜔e,2 (see eq. (5)). A schematic of151

the excitation frequencies is shown in Figure 1.152

Figure 1: Schematic illustration of the excitation and detection frequencies in H-SCM. 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 frequen-
cies (↑) of the applied frequencies. The red arrow corresponds to topography- and the blue arrow
to the electrical signal. Representation of Fig. 1 was inspired by [18,26]. A comparison of Hetero-
dyne Kelvin Probe Force Microscopy (H-KPFM) and H-SCM can be found in Supporting Informa-
tion File 1.
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The electrical detection frequency (300 - 420 kHz) is several hundred kilohertz away from the fre-153

quency of mechanical oscillation (65 - 80 kHz), effectively reducing crosstalk between the topo-154

graphical and capacitive images.155

We select the excitation frequencies to lie at the 𝑛th and the 𝑛 + 1th multiple of the frequency gap156

Δ𝜔 = (𝜔m,2 − 𝜔m,1) (see Figure 1), respectively. We then use lock-in detection to measure the157

induced mechanical excitation at exactly at the second harmonic of the cantilever (𝜔m,2).158

Single-frequency Electrostatic Force Microscopy to measure the first capaci-159

tive gradient 𝐶′
160

To obtain a quantitative comparison of the signal contributions in the signals based on the first and161

the second capacitance gradient we performed single-frequency excitation EFM (SF-EFM) mea-162

surements as comparison to the multi-frequency approach described above. In the fixed-frequency163

configuration, we use lock-in amplification to detect the second harmonic force component at 2𝜔e164

induced by a single-frequency (𝜔E) stimulus (see eq. (3c)).165

To enhance the signal we select 𝜔E such that 2𝜔E coincides with the second resonance of the can-166

tilever (2𝜔E = 𝜔m,1 + 𝜔E = 𝜔m,2). We relate the numerical value of the capacitance gradient to the167

detected amplitude via the cantilever’s frequency-dependent spring constant 𝑘 (𝜔) by:168

𝜕𝐶

𝜕𝑧
= 𝐶′ =

4 𝐴det · 𝑘 (𝜔)
𝑉2

AC
(9)169

For the variable-frequency detection of 𝐶′ we apply two AC voltages of the same magnitude170

(𝑉AC,1 = 𝑉AC,2) at frequencies 𝑛 and (𝑛 + 1) times the second resonance frequency 𝜔m,2. According171

to eq. (7a), this will excite an oscillation at 𝜔m,2 with an amplitude proportional to 𝐶′.172

Silicon micro capacitors173

To compare and verify the 𝐶′ and 𝐶′′ signal dependency as a function of 𝑧 during several force-174

distance curves from the literature with our data we performed experiments on one of the prepared175

"microcapacitors" you can see in Figure 2.176
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Figure 2: Topography of the five different capacitors C1 to C5 that were produced to have specific
capacitors with known capacity. The picture was conducted with the 𝜇masch’s HQ:NSC18/Pt Can-
tilever and analysed with Gwyddion 2.61.

The microcapacitors were produced from scratch by focused ion beam (FIB) milling on a Silicon177

wafer which was thermally modified so that it has a 300 nm layer of SiO2 on it. After that the Sil-178

icon wafer was placed in the Pt sputter machine and sputtered 14 nm on it. The final substrate had179

the following layers of Si/300 nmSiO2 /14 nmPt. A mask was used to mill a trench into the sample180

until the underlaying Si substrate was visible so that the microcapacitors stick out of surface. This181

gives a defined nano-structure with known capacitance.182

Results and Discussion183

To investigate whether the 𝐶′′-sensitive detection leads to an improved spatial resolution of184

H-SCM as compared to conventional methods, we calculate the distance-dependence of the185

first- and second-order capacity gradients in an ideal cantilever. We compare our calculations186

to experimentally-obtained force-distance curves. We then show the first practical examples of187

high-frequency capacitive spectra obtained by this method in etched SiO2 microcapacitors, along188
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with high-resolution high-frequency capacitance-images obtained over self-assembled molecular189

Perfluoroalkyl-Alkane F(CF2)14(CH2)20H (F14H20).190

Tip-sample capacitance191

The total capacitance between the sample and the cantilever consists of contributions from the tip192

apex, tip cone, lever and some additional stray capacitance caused by the signal cables in the AFM193

head (Figure 3). Whereas the apex capacitance contains the desired local information, the stray194

capacitance from cone, lever and cables produces a background signal that effectively reduces the195

lateral resolution of the local capacitance measurement. Practically, these signal contributions can196

be discerned by their respective distance dependence.197

Figure 3: Schematic illustration of tip apex, tip cone, lever and stray capacitance. The contribution
of the tip-apex contains the most localized part of the overall capacitance signal. The mesoscopic
tip cone and the macroscopic cantilever, on the other hand, contribute to long-ranged stray capaci-
tance, effectively delocalizing the signal.

To further investigate this distance dependence, we compare experimental force-distance spectra198

to analytical and numeric models from the literature. In particular, we combine the models for199

the apex contribution of Hudlet et al.[49] with the cone and lever contributions from Colchero200

et al.[50,51], respectively. The full equations for the force together with the resulting capacitance201

used here are given in the appendix (see eqs. (12) to (17) and Figure 10).202

In Figure 4 (a) and (b), we compare the respective contributions to the first and second capacitance-203

gradients together with the corresponding electrostatic forces during a typical AFM experiment as204
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Figure 4: Contributions of the respective components to the (a) first numeric derivative 𝐶′ and (b)
second numeric derivative 𝐶′′ of the capacitance versus 𝑧 distance between tip and sample. Addi-
tionally, the respective force (a) 𝐹 (𝐶′) and (b) 𝐹 (𝐶′′) was plotted as well against 𝑧. 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) was used for the calculations 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. The blue line
marks the apex, the green line the cone, the red line the lever and the black line marks the entire
system of the three components in parallel.

a function of tip-sample distance 𝑧. For the force calculations, we used eq. (8) together with the pa-205

rameters of a regular EFM cantilever (NuNano SPARK 70 Pt) and an electrical drive of 𝑉 = 2 V206

and a mechanical amplitude of 𝐴m = 10 nm. Comparing the graphs, we can immediately see that207

the total 𝐶′ signal retains a significant long-range contribution even at a tip-sample separation of208

3000 nm (Figure 4 (a)). In contrast, the 𝐶′′ signal shown in drops more rapidly over a short dis-209

tance 𝑧 (Figure 4 (b)), indicating a reduced influence of long-ranged contributions to the force sig-210

nals.211

A measure of how much the signal is disturbed by non-local long-ranged contributions is the ra-212
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tio between the apex contribution to the total signal at a given distance 𝑧. At a typical tip-sample213

separation of 10 nm, the apex signal makes up more than 82 % of the complete 𝐶′′ signal while the214

apex contribution on the first capacitance gradient only makes up less than 10 % of the total 𝐶′ sig-215

nal. In closer proximity of 1 nm distance to the sample, the apex contribution in the 𝐶′′ signal in-216

creases to 99.8 %, whereas the 𝐶′ signal still contains a significant amount of non-local signal con-217

tributions with 62 % apex vs. 38 % cone and lever signal. Another way to quantify the "locality"218

a force signal is to investigate the tip sample separation, where the tip apex contribution surpasses219

the lever plus cone contributions within Figure 4. This is true in Figure 4(a) for distances smaller220

than ≈ 3 nm while in Figure 4 (b) this is the case even for distances smaller than ≈ 20 nm. Com-221

paring the absolute values of the forces, however, we see that H-SCM yields much weaker forces:222

At a tip-sample distance of 10 nm, the AM-based operation leads to a force of 𝐹𝐸𝑆 (𝐶′) = 6.7 nN,223

as compared to 𝐹𝐸𝑆 (𝐶′′) = 280 pN for H-SCM. So the resulting electrostatic force and thereby224

the expected force is more than a factor of 24 lower for H-SCM. So the improved lateral resolution225

comes at the price of a reduced signal-to-noise ratio (SNR).226

To reproduce these findings experimentally, we performed force-distance spectroscopy on the227

etched microcapacitors (Figure 2 in the Methods and Experimental section). The resulting curves228

of the 𝐶′ and 𝐶′′ signal qualitatively reproduced the simulation results (Figure 5): Whereas the 𝐶′′
229

signal only emerged from the noise at distances of less than 500 nm, the 𝐶′ signal shows a mono-230

tonic decrease over the full 3 µm of vertical travel. Compared to the simulations, the experimental231

𝐶′ signal shows a slower decrease, indicating a stronger influence by the tip cone. The direct com-232

parison of the model and the data of the second and first capacity gradient can be found in Support-233

ing Information Files 15 and 16, respectively. These results clearly show that the H-SCM method234

produced an electrostatic force signal that is highly local with suppressed stray contributions from235

cone and lever.236
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Figure 5: Comparison of the 𝐶′′ and the 𝐶′ single force curves (b) of a microcapacitor (a) while
doing H-SCM (see eqs. (7b) and (8)) and compared with the detection of 2𝜔 (see eqs. (3c)
and (9)). This was conducted with the NuNano’s SPARK 70 Pt cantilever.

Dielectric spectroscopy237

The advantage of the multi-frequency excitation approach of H-SCM is that we can choose arbi-238

trary frequencies for the electrostatic excitation. As the tip-sample capacitance is influenced by239

the dielectric properties of the material in the tip-sample gap, the frequency-dependent electro-240

static force represents the local dielectric function. To demonstrate the feasibility of dielectric241

nano-spectroscopy, we performed H-SCM frequency-spectroscopy in three different locations on242

the microcapacitor sample where we expect a vastly different dielectric response. A first spectrum243

was recorded on one of the microcapacitors (𝐶3, see methods). Then, we measured on the bare Si244

where we expect a fresh native oxide layer of ≈5 nm thickness (Si). Lastly, we measured on a par-245

ticle of unknown origin (Dirt, visible in Figure 2). The frequency sweeps were performed by keep-246

ing the tip position and amplitude fixed, varying the two heterodyne excitation frequencies while247

keeping their separation fixed, and recording the resulting excitation amplitude at the second me-248

chanical resonance. All spectra were normalized against a reference spectrum recorded on the bare249
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substrate far away from the capacitors to compensate any frequency-response arising from the stray250

capacitance in the signal paths and cantilever.251
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Comparsion C ′′ & C ′ Spectroscopy

Figure 6: Comparison of the normalized 𝐶′′ (red colors on top) and normalized 𝐶′ (blue colors
at the bottom) frequency sweep on one of the the capacitors (C3) (cross symbols), the milled Sil-
icon (Si) (triangle symbols), and a measurement on a particle of unknown origin (Dirt) (square
symbols). This experiment was conducted with the 𝜇masch’s HQ:NSC18/Pt Cantilever. The non-
normalized data can be seen in Supporting Information Files 2 to 5 and 8 to 11.

The electrostatic signal of the capacitor C3 showed a drop at around 2 MHz in Figure 6. When con-252

sidering the capacitance of C3 of (183 ± 1) aF and the drop-off frequency 𝜔𝑑 of the capacitance253

at 1.7 MHz, we can calculate the resistance 𝑅 via the RC time (𝑅 · 𝐶 = 1/𝜔𝑑) as 𝑅 ≈ 3200 MΩ.254

This value is close to the value of 8 GΩ, taking into account the electrical resistivity of silicon of255

𝜌Si = 2.3 · 1012 nΩm and a thickness of the SiO2 of 300 nm.256

The 𝐶′′ signal of the bare Si was stable over the whole range of excitation frequencies and only257

dropped at a much higher frequency around 24 MHz (see Supporting Information File 4). In the258

frequency response of the undefined particle, we found little to no signal response, even at low ex-259

citation frequency. A rise of the signal at around 6 MHz could be observed in all the 𝐶′′ signals at260

that frequency (see Supporting Information File 2) which we attribute to a capacitive singularity261

in the electrical connection to the sample. We observed a similar behavior in the frequency range262

between 5 and 10 MHz and around 17 MHz. We want to point out that we used standard AFM263

equipment with no special means to control the impedance of the electrical connections. To ob-264
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tain more trustworthy data in the frequency range above 5 MHz will require specialized sample-265

and cantilever holders with coaxial electric connections.266

To compare these results with the conventional AM-based SCM approach, we repeated the spec-267

troscopy experiments for the 𝐶′ signal based on the second term in eq. (7a) (Figure 6, non-268

normalized data in Supporting Information Files 8 to 10). In comparison to the H-SCM data, the269

𝐶′ frequency sweep looked very similar on the different structures. We think that this reduction in270

contrast is caused by the stronger influence of long-ranged interactions in the 𝐶′ signal, reducing271

the overall impact of the local interaction of the tip apex with the area of interest.272

Imaging C′ versus C′′
273

Figure 7: H-SCM images taken on F14H20 with (a) the topography, (b) the 𝐶′′ picture at 1.59
and 1.98 MHz, (c) electric phase 𝜑el of the 𝐶′′ signal at 1.59 and 1.98 MHz, (d) the 𝐶′ picture at
235.579 kHz, (e) electric phase 𝜑el of the 𝐶′ signal at 235.579 kHz. The full picture can be found
in Supporting Information File 14. This was conducted with the 𝜇masch’s HQ:NSC18/Pt Can-
tilever.

To demonstrate the capabilities of H-SCM as an imaging method, we performed experiments274

on self-assembled nanostructures consisting of the amphiphilic molecule Perfluoroalkyl-Alkane275

F(CF2)14(CH2)20H (F14H20) (Figure 7). On the silicon substrate, the F14H20 formed groups of276

spherical particles with a diameter of (40 ± 5) nm (Figure 7(a))[52,53]. Simultaneously with the277

topography, we recorded the 𝐶′′ amplitude and phase at an electrical excitation frequency of 1.59278

and 1.98 MHz. In Figure 7(b) we see a sharp contrast between the F14H20 aggregates and the sil-279

icon substrate. Interestingly, the image of the 𝐶′ signal measured at 236 kHz showed a different280

contrast. In particular, both the amplitude and phase contrast of the particles changes from left to281

right, indicating long ranged background signal.282
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Conclusion283

In this paper, we have presented a novel method for high-resolution nanoscale capacitance charac-284

terization based on multi-frequency electrostatics. The key advantage of the multi-frequency ap-285

proach of H-SCM is that it allows for operation at almost arbitrary frequencies, enabling the mea-286

surement of the local dielectric function over a wide range of frequencies. In comparison to exist-287

ing SCM operation modes, H-SCM leads to a significant reduction of signal background, which re-288

sults in higher locality of the measurements with less cross-talk. This is due to the fact that the sec-289

ond capacitance gradient is less affected by long-range interactions, such as those from the tip cone290

and lever. We demonstrate the reliable operation using standard AFM equipment together with an291

external LIA up to a frequency of 5 MHz. At higher frequencies (up to 50 MHz in our case), the292

signals were dominated by impedance effects from the signal connections. Thus, to move towards293

reliable measurements at higher frequencies, specialized HF-equipment with coaxial signal connec-294

tions will be required.295

Our analytical simulations of the distance-dependent tip-sample capacitance showed that current296

models are not able to fully simulate the experimental data. Thus, to enable quantitative measure-297

ments of the tip-sample capacitance, further measures such as improved tip-sample models or full298

numerical simulations will be required. This will pave the way for quantitative studies of dielectric299

effects in nanoscale systems in materials science, biology, and nanotechnology.300

Experimental (optional)301

Polymer blend samples302

We used the Perfluoroalkyl-Alkane F(CF2)14(CH2)20H (F14H20) samples that we bought from303

SPM Labs LLC.304
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Microcapacitors305

The Si wafers "CZ" were bought from "Si-Mat" with a diameter of 150 mm, a surface orientation306

<100>, a thickness of (675 ± 20) µm, a resistivity of 1.5 - 4.0Ω cm, and with a p-type doping307

with B-atoms. These wafers were thermally oxidised with 300 nm SiO2. To sputter Pt on top of the308

silicon wafer the Pt sputter machine Compact Coating Unit (CCU) 010/LV with the sputter head309

SP010 was used to sputter 14 nm on top of the wafer. The microcapacitors were then milled out of310

the surface by a FIB from FEI Nova600 Nanolab with a dual-beam Ga+ ion beam.311

Heterodyne Scanning Capacitance Microscopy (H-SCM) Measurements312

H-SCM was measured on an Oxford Instruments/Asylum Research MFP-3D Infinity AFM in a313

nitrogen glovebox (level of humidity below 0.3 %, level of oxygen below 0.1 %) for all experi-314

ments. The typical resonance frequency of the Pt/Ir coated conductive cantilevers (NuNano model:315

SPARK-150Pt; 𝜇masch model: HQ:NSC18/Pt) was ≈ 75 kHz, spring constant of 2 to 3 N
m , a tip316

radius of 18 nm and a tip height of 10 to 18 µm. The topography feedback was performed with am-317

plitude modulation (AM) on the first eigenmode 𝜔m,1 and the oscillation amplitude was kept to ap-318

proximately ≈ 70 - 90 nm for all measurements. The force spectroscopy measurements were done319

with a 𝑧-Rate of 0.2 Hz and a force distance of 8 µm for all samples.320

We used a Zurich Instruments HF2 lock-in amplifier for all experiments including to perform the321

H-SCM measurements. The electric drive amplitude of the 𝑉AC,1 = 𝑉AC,2 signal varied between 3322

and 5 V depending on the obtained signal from the sample. We grounded the sample via the sam-323

ple holder with an external wire to ground level of the Zürich Lock-In Amplifier. The applied 𝑉𝐴𝐶324

was applied to the tip directly while the AFM head connections were switched off. The setup of325

the AFM is shown in Figure 8. The electrical connection from the LIA to the cantilever with the326

two excitation voltages was realized by using a direct cable connection. The sample was always327

grounded to the ground level of the LIA. A scheme can be seen in Figure 8.328
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Figure 8: Schematic setup of H-SCM. Additionally to a regular AFM, two different voltages are
applied to the cantilever with different frequencies respectively.

Focused ion beam (FIB)329

FIB of the cantilever was conducted using a LEO Gemini instrument from Zeiss. It was used with330

an acceleration voltage of 3 kV.331

Appendix332

Equations to calculate the 𝐶′′ and 𝐶′ Signal from the voltages333

Equation (10) shows the detailed expression shown in eq. (8). Within the detected amplitude from334

the LIA 𝐴det is the Voltage from the LIA (𝑉H-SCM) and the amplification factor Ξamp,d2C of this335

voltage from the LIA in H-SCM mode. The frequency dependent spring constant 𝑘 (𝜔) in eq. (8)336

contains the inverse optical lever sensitivity (InvOLS) of the second harmonic (𝐼𝑛𝑣𝑂𝐿𝑆2) and337

the spring constant of the second resonance (𝑘2) shown in eq. (10). It is important to note that the338

InvOLS and the spring constant on the seconds resonance is not the same as measured on the first339

resonance by the method of Sader et al.[54]. It is rather necessary to calculate the properties of the340

cantilever for the respective eigenmodes[55].341

𝜕2𝐶

𝜕𝑧2 (𝜔) = 𝐶′′(𝜔) = 16 · 𝑉H-SCM(𝜔) · 𝐼𝑛𝑣𝑂𝐿𝑆2(𝜔) · 𝑘2(𝜔)
𝐴m · 𝑉2

AC · Ξamp,d2C
(10)342
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Equation (11) shows the detailed expression shown in eq. (9). In the expression 𝐴det is the detected343

voltage from the LIA (𝑉SF-EFM) and again an amplification factor Ξamp,dC of the signal captured344

with the LIA with the SF-EFM mode. The frequency-dependent spring constant 𝑘 (𝜔) is the same345

as above and consists of 𝐼𝑛𝑣𝑂𝐿𝑆2 and 𝑘2.346

𝜕𝐶

𝜕𝑧
(𝜔) = 𝐶′(𝜔) = 4 · 𝑉SF-EFM(𝜔) · 𝐼𝑛𝑣𝑂𝐿𝑆2(𝜔) · 𝑘2(𝜔)

𝑉2
AC · Ξamp,dC

(11)347

Full double excitation force equations348

Full overview of the electric amplitude contributions at various frequencies while activating the349

heterodyne Scanning Capacitance Microscopy (H-SCM) mode. For simplicity, we will use the fol-350

lowing substitutions 𝜔1
m𝑡 = 𝑂, 𝜔e𝑡 = 𝐸 , 𝜔mod𝑡 = 𝑀 , 𝑉CPD − 𝑉DC = Δ, �̂�AC = 𝑉 , and 𝐴1

𝑚 = 𝐴351

In Table 1 is the overview of the force components at various frequencies for the resulting static, 𝜔352

and 2𝜔 force components acting on the cantilever.353

Table 1: Overview of the components of the multi-frequency electrostatic force microscopy.

Frequency Amplitude
DC 1/2𝐶′[Δ2 +𝑈2/4]
2𝑀 1/8𝐶′𝑈2

𝑂 1/2𝐶′′𝐴[Δ2 +𝑈2/4]
𝑂 ± 2𝑀 1/16𝐶′′𝐴𝑈2

𝐸 ± 𝑀 1/2𝐶′𝑈 Δ

𝑂 ± (𝐸 ± 𝑀) 1/4𝐶′′𝐴𝑈Δ

2𝐸 1/8𝐶′𝑈2

2(𝑀 ± 𝐸) 1/16𝐶′𝑈2

𝑂 ± 2𝐸 1/16𝐶′′𝐴𝑈2

𝑂 ± 2(𝐸 ± 𝑀) 1/32𝐶′′𝐴𝑈2

Tip-sample capacity model354

We used the model of Hudlet et al.[49] for the tip apex and in addition used the sum of cone and355

lever distribution of Colchero et al.[50,51]. The cantilever can be modeled as a tilted plate capaci-356

tor with a truncated cone at the end of the cantilever and with a sharp round tip apex at the end of357

the tip cone. This is shown schematically in Figure 9.358

19



Figure 9: Auxiliary sketch of the capacitance model of the truncated cone with spherical apex.
Here ℎ is the height of the tip, 𝑟 is the radius of the sphere, 𝜗tip is the opening angle of the tip, 𝛿 is
the truncated part of the cone and 𝑧 is the distance between sample and tip apex in respect to the
surface normal of the sample. 𝛼 is the angle between the surface and the lever of the cantilever.

In this case the electrostatic force for the lever is given by eq. (12).359

𝐹lever(𝑧) =
2 tan2( 𝛼2 )

𝛼2 𝜀0 𝑉
2
tip-sample

𝑙 𝑤

ℎ2
1[ (

1 + 𝑧
ℎ

)
·
(
1 + 𝑧+2𝑙 tan( 𝛼

2 )
ℎ

)] [50,51]. (12)360

Integration due to eq. (1) yields361

𝐶lever(𝑧) =
2 tan2( 𝛼2 )

𝛼2 𝜀0 𝑉
2
tip-sample

𝑙 𝑤

ℎ2

·
ℎ2 cot

(
𝛼
2
) (

ln(ℎ + 𝑧) − ln
(
cos

(
𝛼
2
)
(ℎ + 𝑧) + 2𝑙 sin

(
𝛼
2
) ) )

2𝑙
,

(13)362

where 𝜀0 is the dielectric constant of the vacuum. The dimensions of the lever are given by its363

width 𝑤, its length 𝑙 and the height of the tip cone ℎ. The lever is tilted by the angle 𝛼 = 𝜗lever.364

The tip cone can be approximated by a truncated cone (Figure 9). The electrostatic force as a func-365

20



tion of distance between tip cone and sample is given by eq. (14).366

𝐹cone(𝑧) =
4 𝜋

(𝜋 − 𝜗tip)2 𝜀0 𝑉
2
tip-sample

·


ln

©«
𝑧 − 𝛿

2
+ ℎ

𝑧 + 𝛿

2

ª®®®®®¬
−sin©«

𝜗tip

2
ª®¬

ℎ − 𝛿

𝑧 − 𝛿

2
+ ℎ

·
𝑧 − 𝛿

2

𝑧 + 𝛿

2


[50,51]

(14)367

with the open angle of the tip cone (𝜗tip), and the height of the truncated part of the cone (𝛿 =368

𝑟/tan2(𝜗tip/2))[50,51]. Integration of this equation to obtain the capacitance yields369

𝐶cone(𝑧) = 2
4𝜋𝜀0

(𝜗𝑡𝑖𝑝 − 𝜋)2

[
sin

(
𝜗𝑡𝑖𝑝

2

)
(ℎ ln(2 𝑓1) − 𝛿 ln( 𝑓2)) + 𝑓1 ln

(
𝑓2

2 𝑓1

)
+ (𝛿 − ℎ) ln( 𝑓2)

]
,

(15)370

where 𝑓1 = 𝑧 − 𝛿
2 + ℎ and 𝑓2 = 2𝑧 + 𝛿.371

The tip apex is approximated as a sphere over an infinite surface (Figure 9). The corresponding372

electrostatic force between a tip apex and the surface is given in eq. (16).373

𝐹apex(𝑧) = 𝜋 𝜀0 𝑟
2 𝑉2

tip-sample


1 − sin

(
𝜗tip

2

)
𝑧

(
𝑧 + 𝑟

(
1 − sin

(
𝜗tip

2

)))


[49]. (16)374

Hence, the capacitance is given by375

𝐶apex(𝑧) = 2𝜋𝜀0 𝑟 ln
©«
𝑧 + 𝑟

(
1 − sin

(
𝜗tip
2

))
𝑧

ª®®¬ . (17)376

When you plot the capacity of the cantilever against the distance between the tip and the sample377

𝑧 you get Figure 10. The parameter were taken from the Website of the producer of the NuNano378

SPARK 70 Pt cantilever: 𝑤 = 30 µm, 𝑙 = 225 µm, 𝛼 = 11 deg, ℎ = 12 µm, 𝜗cone = 25 deg, 𝑟 =379

18 nm, and 𝑉AC = 2 V.380

In order to get the first 𝐶′ and second capacity gradient 𝐶′′ of the relevant parts of the cantilever,381
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Figure 10: Contributions of the respective components to the numeric capacity 𝐶 versus 𝑧 distance
between tip and sample. 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 the calculations. The blue line marks the apex, the green line the
cone, the red line the lever and the black line marks the entire system of the three components in
parallel.

we used the onward and backward differentiation seen in eq. (18) and the central differential quo-382

tient of the second order seen in eq. (19) is used, respectively.383

𝑓 ′(𝑥) = 𝑓 (𝑥 + ℎ) − 𝑓 (𝑥 − ℎ)
2ℎ

(18)384

The step size was chosen to be 1 · 10−10 m with a total amount of 1, 000, 000 steps.385

𝑓 ′′(𝑥) = 𝑓 (𝑥 + ℎ) − 2 𝑓 (𝑥) + 𝑓 (𝑥 − ℎ)
ℎ2 (19)386

Again, the step size of this was chosen to be the same as for the first derivative.387

The model of the first and second capacity gradient can be found in Figure 4 (a) and (b), respec-388

tively.389
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Supporting Information390

Supporting information features a comparison of the working principles of H-KPFM and H-SCM,391

all the raw and normalized data of the H-SCM frequency spectroscopy, the full comparison of the392

H-SCM, SF-EFM, and H-KPFM images on the F14H20 structures, and finally a comparison of the393

model data and the measured data on the microcapacitors.394

Supporting Information File 1:395

File Name: H-KPFM_and_H-SCM_scheme_working_principle_two.pdf396

File Format: PDF397

Title: Schematic comparison of the excitation and detection frequencies in H-KPFM and H-SCM.398

The lower part shows the transfer function of the cantilever, where the amplitude is plotted vs the399

logarithmic angular frequency. The upper part shows the excitation frequencies (↓) and the detec-400

tion frequencies (↑) of the applied frequencies. The red arrow corresponds to topography- and the401

blue arrow to the electrical signal[18,26,56].402

Supporting Information File 2:403

File Name: Freq_Sweep_Comparison_d2C_vs_Frequency.pdf404

File Format: PDF405

Title: Non-normalized data of the comparison of the 𝐶′′ frequency sweep shown in Figure 6 on406

the four spots while in H-SCM (see eq. (8)). This was conducted with the 𝜇masch’s HQ:NSC18/Pt407

cantilever.408

Supporting Information File 3:409

File Name: Freq_Sweep_Comparison_d2C_vs_Frequency_zoom.pdf410

File Format: PDF411

Title: Zoom of the non-normalized data from the comparison of the 𝐶′′ frequency sweep shown412

in Figure 6 on the four spots while in H-SCM (see eq. (8)). This was conducted with the 𝜇masch’s413

HQ:NSC18/Pt cantilever.414

Supporting Information File 4:415

File Name: Freq_Sweep_Comparison_d2C_vs_Frequency_normed.pdf416
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File Format: PDF417

Title: Normalized data of the 𝐶′′ frequency sweep shown in Figure 6 on the three spots while in418

H-SCM (see eq. (8)). This was conducted with the 𝜇masch’s HQ:NSC18/Pt cantilever.419

Supporting Information File 5:420

File Name: Freq_Sweep_Comparison_d2C_vs_Frequency_normed_zoom.pdf421

File Format: PDF422

Title: Zoomed and normalized data of the 𝐶′′ frequency sweep shown in Figure 6 on the three423

spots while in H-SCM (see eq. (8)). This was conducted with the 𝜇masch’s HQ:NSC18/Pt can-424

tilever.425

Supporting Information File 6:426

File Name: Freq_Sweep_Comparison_elec_Phase_d2C_vs_Frequency.pdf427

File Format: PDF428

Title: Non-normalized data of the phase signal 𝜑 spectra of the comparison from the 𝐶′′ frequency429

sweep shown in Figure 6 on the four spots while in H-SCM (see eq. (8)). This was conducted with430

the 𝜇masch’s HQ:NSC18/Pt cantilever.431

Supporting Information File 7:432

File Name: Freq_Sweep_Comparison_elec_Phase_d2C_vs_Frequency_zoom.pdf433

File Format: PDF434

Title: Zoom of the non-normalized data of the phase signal 𝜑 spectra of the comparison from the435

𝐶′′ frequency sweep shown in Figure 6 on the four spots while in H-SCM (see eq. (8)). This was436

conducted with the 𝜇masch’s HQ:NSC18/Pt cantilever.437

Supporting Information File 8:438

File Name: Freq_Sweep_Comparison_dC_vs_Frequency.pdf439

File Format: PDF440

Title: Non-normalized data of the comparison of the 𝐶′ frequency sweep shown in Figure 6441
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on the four spots while in SF-EFM mode (see eq. (9)). This was conducted with the 𝜇masch’s442

HQ:NSC18/Pt cantilever.443

Supporting Information File 9:444

File Name: Freq_Sweep_Comparison_dC_vs_Frequency_zoom.pdf445

File Format: PDF446

Title: Zoom of the non-normalized data of the comparison of the 𝐶′ frequency sweep shown in447

Figure 6 on the four spots while in SF-EFM mode (see eq. (9)). This was conducted with the448

𝜇masch’s HQ:NSC18/Pt cantilever.449

Supporting Information File 10:450

File Name: Freq_Sweep_Comparison_dC_vs_Frequency_normed.pdf451

File Format: PDF452

Title: Normalized data of the 𝐶′ frequency sweep shown in Figure 6 on the three spots while in453

SF-EFM mode (see eq. (9)). This was conducted with the 𝜇masch’s HQ:NSC18/Pt cantilever.454

Supporting Information File 11:455

File Name: Freq_Sweep_Comparison_dC_vs_Frequency_normed_zoom.pdf456

File Format: PDF457

Title: Zoomed and normalized data of the 𝐶′ frequency sweep shown in Figure 6 on the three spots458

while in SF-EFM mode (see eq. (9)). This was conducted with the 𝜇masch’s HQ:NSC18/Pt can-459

tilever.460

Supporting Information File 12:461

File Name: Freq_Sweep_Comparison_elec_Phase_dC_vs_Frequency.pdf462

File Format: PDF463

Title: Non-normalized data of the phase signal 𝜑 spectra of the comparison of the 𝐶′ frequency464

sweep shown in Figure 6 on the four spots while in SF-EFM mode (see eq. (9)). This was con-465

ducted with the 𝜇masch’s HQ:NSC18/Pt cantilever.466
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Supporting Information File 13:467

File Name: Freq_Sweep_Comparison_elec_Phase_dC_vs_Frequency_zoom.pdf468

File Format: PDF469

Title: Zoom of the non-normalized data of the phase signal 𝜑 spectra of the comparison of the 𝐶′
470

frequency sweep shown in Figure 6 on the four spots while in SF-EFM mode (see eq. (9)). This471

was conducted with the 𝜇masch’s HQ:NSC18/Pt cantilever.472

Supporting Information File 14:473

File Name: Zeichnung_F14H20_Comparison_dC_d2C_SI.pdf474

File Format: PDF475

Title: Full version of the H-SCM pictures given in Figure 7. H-SCM pictures made on F14H20476

with (a) the topography, (b) the 𝐶′′ picture at 1.59 and 1.98 MHz, (c) electric phase 𝜑el of the 𝐶′′
477

signal at 1.59 and 1.98 MHz, (d) the 𝐶′ picture at 235.579 kHz, (e) electric phase 𝜑el of the 𝐶′ sig-478

nal at 235.579 kHz, (f) the CPD picture, (g) the 𝐶′′ picture at 15.88 and 16.28 MHz, (h) electric479

phase 𝜑el of the 𝐶′′ signal at 15.88 and 16.28 MHz, (i) the picture of the mechanical amplitude at480

the resonance frequency of 74.580 kHz, and (j) the picture of the mechanical phase at the reso-481

nance frequency of 74.580 kHz. This was conducted with the 𝜇masch’s HQ:NSC18/Pt Cantilever.482

Supporting Information File 15:483

File Name: Comparison_Model_&_Data_d2C_vs_ZSensor_data_model_2_500.pdf484

File Format: PDF485

Title: A comparison of the measured 𝐶′′ values on various capacitors, as shown in Figure 2, is pre-486

sented. The measurements, performed using the NuNano SPARK 70 Pt cantilever (solid lines), are487

contrasted with the theoretical contributions of the respective components to the first numerical488

derivative 𝐶′ of the capacitance (dotted lines) as a function of the tip-to-sample distance, 𝑧. For489

the theoretical calculations, the properties of the NuNano SPARK 70 Pt cantilever (𝑤 = 30 µm,490

𝑙 = 225 µm, 𝛼 = 11 deg, ℎ = 12 µm, 𝜃 = 25 deg, 𝑟 = 18 nm, 𝛿 = 3.7 · 10−7) with an mechanical491

amplitude of 𝐴m = 10 nm, an excitation voltage of 𝑉AC = 2 V, and a total amount of calculated492

points of 100,000, was used for these.493
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Supporting Information File 16:494

File Name: Comparison_Model_&_Data_dC_vs_ZSensor_data_model_2_500.pdf495

File Format: PDF496

Title: A comparison of the measured 𝐶′ values on various capacitors, as shown in Figure 2, is pre-497

sented. The measurements, performed using the NuNano SPARK 70 Pt cantilever (solid lines), are498
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