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Abstract: The main objectives of this work are the development of fundamental extensions to existing
scanning microwave microscopy (SMM) technology to achieve quantitative complex impedance
measurements at the nanoscale. We developed a SMM operating up to 67 GHz inside a scanning elec-
tron microscope, providing unique advantages to tackle issues commonly found in open-air SMMs.
Operating in the millimeter-wave frequency range induces high collimation of the evanescent electri-
cal fields in the vicinity of the probe apex, resulting in high spatial resolution and enhanced sensitivity.
Operating in a vacuum allows for eliminating the water meniscus on the tip apex, which remains a
critical issue to address modeling and quantitative analysis at the nanoscale. In addition, a microstrip
probing structure was developed to ensure a transverse electromagnetic mode as close as possible to
the tip apex, drastically reducing radiation effects and parasitic apex-to-ground capacitances with
available SMM probes. As a demonstration, we describe a standard operating procedure for instru-
mentation configuration, measurements and data analysis. Measurement performance is exemplarily
shown on a staircase microcapacitor sample at 30 GHz.

Keywords: near-field scanning microwave microscopy; millimeter waves; standard operating proce-
dure; electrical characterization; atomic force microscopy; scanning electron microscopy

1. Introduction

Microwave characterization methods and related instrumentations have been widely
described in the literature. In its essence, a vector network analyzer (VNA) is connected to
a microwave sensor to measure the electrical and electromagnetic properties of the device
or material under investigation. Microwave characterization is commonly classified into
two categories. On the one hand, we find broadband techniques, including free-space [1–3],
guided (including on-wafer) [4] and open-ended coaxial probing [5–7] methods, which have
the ability to characterize materials with medium to high loss on a broad frequency range.
On the other hand, we find narrowband techniques mostly based on resonant structures
to achieve accurate measurements of the dielectric properties of low-loss materials [8].
All of these techniques require a sample volume at least in the order of the fraction of the
free-space wavelength of excitation.

To address the issue of the microwave characterization of nanomaterials and nanode-
vices, near-field scanning microwave microscopy (NSMM) tools have been introduced [9].
SMM is a measurement technique that interfaces an atomic force microscope (AFM) with a
VNA to simultaneously measure surface topography and microwave impedance with a
submicrometer resolution [10–13]. To that end, a subwavelength probe interacts closely
or in contact mode with the sample under test. The spatial resolution is therefore mainly
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governed by geometry. SMM has received a growing interest from the research community
to address a wide range of applications, including semiconductor materials such as 1D and
2D materials [14–17], biology [18–25], quantum physics [26–30] or energy materials [31–33].
There is an urgent need to develop SMM traceability to yield quantitative and calibrated data.
In this effort, we developed a SMM operating inside a scanning electron microscope (SEM)
using a microstrip probe structure operating up to 67 GHz [34–38]. Our previous works
were completed by first presenting quantitative data performed at 30 GHz on microsized
metal oxide semiconductor (MOS) capacitors. The modeling, measurement configuration,
experimental part, data analysis and discussion proposed in this manuscript demonstrate
the ability of the new instrument to simultaneously provide electronic, topography and
calibrated complex impedance images.

2. Materials and Methods
2.1. Description of the Scanning Microwave Microscope Built Inside a Scanning Electron Microscope

The instrumentation developed incorporates 3 imaging modes (topography, radiofre-
quency and electronic) that can be run individually or simultaneously. Preliminary devel-
opments have been presented in [34–38]. Consequently, this section provides an overview
of the modes of implementation to help the reader.

The atomic force microscope (AFM) works in contact mode using optical beam de-
tection for monitoring the probe detection. To that end, a fiber-coupled Fabry-Perot 635
nm laser source from Thorlabs® delivering up to 2.5 mW is used to generate the optical
signal. A Fixed Focus Collimation Packages (FC/PC) F280FC-B connector from Thorlabs®

(max beam diameter = 3.4 mm, focal length = 18.24 mm) is used to collimate the signal
from the output of the single-mode fiber (Figure 1). A quadrant photodiode referenced
QD50-0-SD from OSI Optoelectronics® with associated circuitry is used to provide two
different signals and a sum signal.
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Figure 1. Atomic force microscope (AFM)/scanning microwave microscopy (SMM) stage mounted
in the SEM vacuum chamber. The AFM/SMM stage is built up with a sample scanning stage, a fixed
microwave probe connected to the vector network analyzer (VNA) and a laser deflection system.

The radiofrequency scanning microscopy augmented up to 67 GHz uses a SMM
cantilever consisting of a modified 25Pt300B microwave probe from Rocky Mountain
Nanotechnology® (RMN) with a sub-100 nm apex radius (Figure 1). The probe has been
redesigned to support a transverse electromagnetic mode (TEM) through a propagating
microstrip structure. This new NSMM cantilever is fed by a coaxial cable connected to
the microwave measurement system, i.e., the VNA. Consequently, a dedicated coaxial-to-
microstrip transition built up with two parts was developed. In particular, the cantilever is
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embedded into a PCB waveguide structure that can be exchanged in the case of destroyed
tips by using a solder-less PCB mount 1.85 mm connector from Rosenberger Corp. with a
clamping and screwing mechanism.

Building hybrid scanning probe tools from scratch requires design considerations
different from those conventionally found in single AFM. In contrast with conventional
SEM used to image the sample surface, the objective here is to visualize the apex tip
in contact with the sample. Consequently, the sample scanner is mounted vertically
and parallel in respect to the electron beam of the SEM. The electron column occupies
most of the space in the chamber and drastically limits the height of the AFM system.
The system was designed to be as compact as possible to allow SEM operation during
AFM/SMM measurements in the best conditions possible although observation with the
highest resolution is not possible. It has to be noticed that the AFM/SMM stage is mounted
on the chamber of the SEM compared to conventional stages fixed on the SEM door.

2.2. Traceability in the SMM Mode

In contrast to microwave-guided measurements, including a metallic waveguide,
coaxial, on-wafer propagating structures for which the traceability has been established for
decades, the normalization of SMM technology, including the experimental set-up and the
measurement configuration and calibration standards, are still an issue. Whereas SMM
technology has been identified as a unique solution to provide a microwave and millimeter-
wave characterization at the submicron scale, there is an urgent need to harmonize the best
practices at the international level. In particular, we identified the main bottlenecks to be
tackled for offering quantitative and traceable SMM measurements. Firstly, whereas AFM
can operate in air to provide a topography image of the sample under test, water meniscus
in the vicinity of the apex tip of the probe contributes to the overall complex impedance
at the apex tip, especially because water has a high dielectric constant and loss tangent
in the microwave range. Moreover, the shape of the water meniscus is usually unknown;
therefore, only approximations of the water meniscus can usually be derived by 3D elec-
tromagnetic modeling and are not easily discriminated from other parasitic capacitances
involved in the measurement. Operating in a vacuum presents the advantage to allow
the elimination of the water meniscus by heating the sample, simplifying the electrical
modeling. Secondly, a second advantage of operating in an SEM is the possibility to directly
image the probe in contact with the sample, even during the scanning operation. Indeed,
probe microscopy tools, especially in the contact mode, are methods that may damage
the sample or the tip apex with impacts on the electrical measurement, especially in the
case of RF electrical measurements using sub-100 nm platinum/iridium wire as a sensing
element. Finally, it is well accepted in the SMM community that spatial resolution is
mainly governed by the apex tip geometry [36]. In particular, to surpass the diffraction
limit imposed by the half-wavelength of radiation, waveguide structures with dimensions
far below the wavelength of excitation exhibit evanescent electrical fields in the vicinity
of the apex tip. Nevertheless, the collimation of the electrical fields is frequency depen-
dent. Therefore, operating at a higher frequency improves the distribution of the electrical
fields and the lateral resolution and, incidentally, the signal-to-noise ratio (SNR). To verify
this assumption, electromagnetic simulations using a high-frequency structure simulator
(HFSS) were performed at three test frequencies (1, 10 and 30 GHz) by designing an RMN
probe and plotting the distribution of the electrical fields (the magnetic field here being
negligible), as shown in Figure 2.
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Figure 2. (a) Rocky Mountain Nanotechnology® (RMN®) probe configuration. (b) High-frequency
structure simulator (HFSS) simulation of the electrical field magnitude as a function of the frequency
of operation. A 25Pt300B microwave probe from Rocky Mountain Nanotechnology® (RMN) consist-
ing of an ultrasharp solid platinum wire tapered down to 100 nm and attached to a ceramic substrate
(dielectric constant: 9.8) is designed in the ANSYS® HFSS.

As expected, the lateral resolution, i.e., the footprint of the electrical field distribution
at the probe apex, decreases for higher frequencies. It has to be mentioned that the depth
resolution is of course lower. These results are in favor of operating in the millimeter-wave
regime. Nevertheless, as the transmission losses increase with frequency, especially in
the RF cables and transitions from the input of the VNA to the AFM/SMM tip, there is
a compromise between the lateral resolution and SNR. As an illustration, we present in
Figure 3 the measured return loss measured up to 50 GHz of the probe. For frequencies
greater than 35 GHz, the standing wave ratio is more pronounced, leading to a mixing
of the amplitude and phase-shift of the complex reflection coefficient at the probe apex.
It has to be mentioned that the measured response can be enhanced by considering the
optimization of the mounting and soldering of the AFM/SMM probe on the PCB substrate,
both done manually. In the following, we consider measurements performed at the test
frequency of 30 GHz.
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2.3. Reference Staircase Microcapacitor Sample

The electrical devices considered in this work are microsized metal oxide semicon-
ductor (MOS) capacitors that have been widely studied by the metrology and research
communities [38–41]. The MOS capacitors are composed of circular gold electrodes evap-
orated on silicon dioxide (SiO2) deposited on a highly doped P-type silicon substrate of
resistivity 0.01 Ω.cm. The SEM image of the reference kit is depicted in Figure 4. In order
to vary the capacitance values, the diameter of the upper gold pad diameter varies from 1
to 4 µm, and the SiO2 thickness ranges from 50 to 300 nm, with about 80 nm steps.
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The reference kit is used for both calibration and verification. Prior to the measure-
ments, the analytical derivation of the theoretical capacitances is considered. The impedance
of the MOS structures measured at the tip apex of the probe is modeled by a series model
consisting of an oxide capacitance Cox and a depletion capacitance Cdepl. Both capacitances
can be described by the parallel plate capacitor formalism. The resulting capacitance CTOT
is given by

CTOT = CoxCdepl/
(

Cox + Cdepl

)
. (1)

The capacitance Cox is calculated from the areas of the gold pads A and the SiO2
thicknesses dox.

Cox= A
ε0εrSi02

dox
(2)

The silicon dioxide is assumed to have a relative dielectric constant of εrSi02 = 3.9.
The charge stored on the capacitor is distributed across a certain depth that adds the
depletion series capacitance Cdepl in series to Cox. The capacitance was estimated to be
proportional to the area A of the metallic electrode and inversely proportional to the
depleted zone depth ddepl according to

Cdepl= A
ε0εrSi

ddepl
(3)

with ddepi =
√

2ε0εrΨ/qNA and where εrSi = 12 is the relative permittivity of the silicon
bulk substrate, Ψ represents the interface band bending at the Si/SiO2 interface and is set
to 300 mV, q is the charge of the electron (1.6 × 10−19 C) and NA is the doping level of the
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silicon bulk around 5 × 1018/cm−3. Although the interface band bending at the interface
is relatively unknown, due to the high doping, the depletion capacitance is higher than the
oxide capacitance. Therefore, since the two capacitances are in series, an uncertainty on Ψ
has a negligible effect on the total capacitance.

The calibration procedure consists of determining a two-port error terms box to
convert the measured complex reflection coefficient ΓM by the VNA into the complex
reflection Γ at the apex tip. Then, the calibration model established can be used to determine
the other capacitance values. The one-port vector calibration method model used to make
the link between the reflection coefficient ΓM measured by the VNA and the reflection
coefficient Γ is given by

ΓM = e00 +
e01e10Γ

1 − e11Γ
(4)

The complex terms e00, e01e10 and e11 correspond, respectively, to the directivity,
source match and reflection tracking errors. These calibration parameters depend on the
microwave path between the apex tip of the probe and VNA receivers. System (4) is
resolved by a derived SOL calibration method that makes use of the measurements of
the reflection coefficient ΓM1, ΓM2 and ΓM3 of three assumed reference loads, called load
ZREF1 ZREF2 and ZREF3 with theoretical reflection coefficients Γ1, Γ2 and Γ3. Capacitors that
have spaced capacitances values are ideally chosen on the desired range of capacitances to
be measured.

3. Results
3.1. Measurement Configuration and Verification

The standard operation procedure (SOP) described here follows the material prepara-
tion presented in the previous section. First, we ensure a stable lab climate in a controlled
environment (temperature, humidity) to enable the stable operation of the SMM with mini-
mum mechanical and electrical drift. The measurements are performed at 30 GHz using a
modified 25PT300A AFM tip from Rocky Mountain Nanotechnology®. A PNA Keysight®

E8364B VNA with the RF power source set to 2 dBm and the intermediate frequency
bandwidth (IFBW) to 50 Hz is used. Highly stable coaxial cables and feedthrough coaxial
transitions are used to connect the VNA to the probe. Nanonis® Signal Conditioning
(SC5) and Real-Time Controller (RC5) modules are used to drive the AFM measurements.
The cantilever deflection voltage is set to 90 mV, the approach–retract factor is about
6 nm/mV and the resulting force is estimated to be 9.7 µN. The images were scanned
over 40 × 40 µm2 with 256 pixels with a scanning time (forward and backward) of 5119 s.
Prior to the measurement, SEM imaging of the apex tip is performed to check the tip shape
(Figure 5a). Topography, together with both real and imaginary parts of the measured
complex reflection coefficient ΓM images, is acquired simultaneously (Figure 5b,c).

We keep raw data (Nanonis® *.sxm format) and postprocess data separate and make
sure to not overwrite raw data during analysis treatment, presented in the following
sub-section.

3.2. Data Analysis

The raw data are transferred to Gwyddion® software for analysis. We cross-check the
images from Figure 5 together. Then, each capacitor on the atomic force microscopy image
in Figure 5b is referenced according to Figure 6.
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From the topography image given in Figure 6, we can calculate the theoretical capaci-
tances according to Relations (2) to (3). The four circular areas of the metallic electrodes
have targeted diameters of 1, 2, 3 and 4 µm, respectively. The three oxide layers determined
from the topography image by considering the 1D profile (indicated in Line 1 in Figure 5b)
are, respectively, 87.5, 137.1 and 198.3 nm. The corresponding oxide capacitances have
values in the range of 0.14–5.09 fF (10−15 F). It has to be mentioned that MC2 Technologies®

has developed two reference calibration kits considering doped P-type silicon with sub-
strate resistivity of 1 and 0.01 Ω.cm, respectively. In contrast with our previous studies
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based on the first type of reference capacitance kit, due to the high doping of the silicon
substrate, the depletion capacitance is negligible (fifth row of Table 1). Consequently,
it is highly recommended to consider highly doped materials for the fabrication of the
MOS capacitance kit. Another possibility investigated in [21] is to consider indium tin
oxide (ITO) as the metal substrate. From the theoretical capacitance values, the theoretical
reflection coefficient Γ of the capacitors is calculated. The capacitors considered lossless
(as demonstrated in Section 2) have phase-shifts of Γ in the range −0.15–−5.31 degrees.

Table 1. Theoretical capacitances and phase-shifts of Γ at 30 GHz determined from the AFM topography image (H2V2,
H2V4 and H3V1 denoted * are used for calibration) and relative error between total capacitance and oxide capacitance
values.

Capacitor Diameter
(µm)

Oxide
Thickness

(nm)

Oxide
Capacitance

(fF)

Depletion
Capacitance

(fF)

Total
Capacitance

(fF)

Phase-Shift
(Degrees)

Relative Error
Cox−Ctotal

Cox
(%)

H1V1 1 198.3 0.14 9.35 0.14 −0.15 1.48
H1V2 1 137.1 0.20 9.35 0.20 −0.21 2.12
H1V3 1 137.1 0.20 9.35 0.20 −0.21 2.12
H1V4 1 87.3 0.32 9.35 0.31 −0.33 3.29
H2V1 4 198.3 2.24 149.57 2.21 −2.39 1.48

H2V2 * 4 198.3 2.24 149.57 2.21 −2.39 1.48
H2V3 4 137.1 3.25 149.57 3.18 −3.43 2.12

H2V4 * 4 87.3 5.09 149.57 4.92 −5.31 3.29

H3V1 * 2 198.3 0.56 37.39 0.55 −0.60 1.48
H3V2 2 137.1 0.81 37.39 0.79 −0.86 2.12
H3V3 2 137.1 0.81 37.39 0.79 −0.86 2.12
H3V4 2 87.3 1.27 37.39 1.23 −1.33 3.29
H4V1 3 198.3 1.26 84.13 1.24 −1.34 1.48
H4V2 3 198.3 1.26 84.13 1.24 −1.34 1.48
H4V3 3 137.1 1.83 84.13 1.79 −1.93 2.12
H4V4 3 87.3 2.86 84.13 2.77 −2.99 3.29

H5V1 3 198.3 1.26 84.13 1.24 −1.34 1.48
H5V2 3 137.1 1.83 84.13 1.79 −1.93 2.12
H5V3 3 137.1 1.83 84.13 1.79 −1.93 2.12
H5V4 3 87.3 2.86 84.13 2.77 −2.99 3.29
H6V1 2 198.3 0.56 37.39 0.55 −0.60 1.48
H6V2 2 198.3 0.56 37.39 0.55 −0.60 1.48
H6V3 2 137.1 0.81 37.39 0.79 −0.86 2.12
H6V4 2 87.3 1.27 37.39 1.23 −1.33 3.29

H7V1 4 198.3 2.24 149.57 2.21 −2.39 1.48
H7V2 4 137.1 3.25 149.57 3.18 −3.43 2.12
H7V3 4 137.1 3.25 149.57 3.18 −3.43 2.12
H7V4 4 87.3 5.09 149.57 4.92 −5.31 3.29
H8V1 1 198.3 0.14 9.35 0.14 −0.15 1.48
H8V2 1 198.3 0.14 9.35 0.14 −0.15 1.48
H8V3 1 137.1 0.20 9.35 0.20 −0.21 2.12
H8V4 1 87.3 0.32 9.35 0.31 −0.33 3.29
H8V5 1 87.3 0.32 9.35 0.31 −0.33 3.29

The calibration process developed in Section 2.3 is applied by considering three oxide
capacitances values as the reference loads. From Table 1, we chose H2V2, H2V4 and H3V1
with capacitances 0.56, 2.24 and 5.09 fF to cover a wide range of capacitance values. As the
calibrated measurements are very sensitive to the knowledge of the reference loads, we did
not consider the smallest capacitances as reference. Using Equation (4), the complex error
terms e00, e01e10 and e11 are determined (Table 2).
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Table 2. Calibration error terms obtained from the modified SOL calibration procedure. f = 30 GHz.

Calibration Error Terms Amplitude (dB) Phase-Shift (Deg)

Directivity e00 −6.68 163.03

Reflection tracking e10e01 −31.67 −46.55

Source match e11 −0.87 −15.13

Whereas in conventional guided measurements, the directivity corresponds to a small
incident signal that leaks through the forward path of the coupler and into the receiver of the
VNA, the directivity around −6.68 dB corresponds mainly to mismatch effects in the path
of the microstrip probe without reflecting off the device under test (DUT). Given the nature
of the probe structure for which the end platinum wire of the cantilever is not supported
by a TEM propagating mode, around 75% of the incident power is transmitted to the DUT.
The reflection tracking around −32 dB indicates transmission losses from the apex tip to
the VNA receiver of around 16 dB. From Figure 3, 3 dB transmission losses are attributed
to the microwave probe, including the coaxial-to-microstrip transition. Consequently,
the transmission losses around 13 dB are attributed to the coaxial cables and transition
(vacuum coaxial transition at the air/SEM interface). The input power and the IFBW set to 0
dBm and 50 Hz, respectively, are therefore appropriate for accurate measurements. Ideally,
in reflection measurements, all of the signal that is reflected off of the DUT is measured
at the VNA receiver. Due to the high impedance of the probe apex in contrast with the
50 Ω impedance of the microwave instrumentation (including the microstrip part of the
probe, coaxial-to-microstrip transition, coaxial cables and feedthrough, VNA), a large part
of the signal reflects off the DUT, and multiple internal reflections occur between the probe
apex and the DUT. In particular, the source match value of −0.87 dB indicates that 80% of
the microwave power is reflected off the DUT. All of these systematic errors are taken into
account by the calibration procedure. By inverting Relationship (5), the calibrated complex
reflection coefficient Γ in the reference plane of the apex tip can be determined.

We developed a MATLAB® program called “SPAR2Y’ for the determination of the
inverse problem, i.e., determination of the quantitative data from the measured complex
reflection coefficient (Figure 7). The input variables of the program consist of real and
imaginary parts of ΓM,ij, the error terms e00, e11, e10e01 and the test frequency to derive the
data of interest in a text file format.
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complex calibration error terms. The code Spar2Y determines the calibrated complex reflection coefficient Γij at the probe
tip and the related complex impedance Zij admittance Yij (including capacitance Cij). An output *.txt file is generated.
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After running the program “SPAR2Y,” we present the images of the real part and
imaginary part of the admittance Y obtained after calibration (Figure 8). In addition,
we plot a 1D profile along the x-axis to appreciate the fluctuations.
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The image of the microwave conductance indicates a value close to 0, demonstrating
that the DUT is only reactive. The extracted 1D profile given in Figure 8c indicates the
insensitivity of the real part of the admittance along the x-distance. Figure 8b shows
the imaginary part of the admittance that is a direct signature of the capacitance image.
Along the 1D profile, the signal fluctuations are very low. Nevertheless, most of the DUTs
show heterogeneity in the middle of their respective areas. Investigations were made to
identify the origin. In particular, a fine analysis of the topography, microwave and SEM
images lead to the conclusion that contamination effects mainly on the middle of the gold
patch areas induce a reduction or loss of electrical contact between the apex tip and the
gold patch. From the imaginary part image of Y, the capacitance image at 30 GHz is plotted
in a 3D format in Figure 9.
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From Figure 9, the microwave capacitances are extracted. To quantify the error
between theoretical and microwave capacitances, we present in Figure 10 the relative error
between the two types of data after removing the reference capacitors used for calibration
and erroneous microwave data (probe tip non contacting the DUT).
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Figure 10. Relative error (in log scale) in the determination of the microwave capacitance at 30 GHz.

From Figure 10, we demonstrate that the smallest MOS capacitance values present
errors reaching 100%. The main reason is that the measurement accuracy depends on
the reference devices used for the calibration. The smallest capacitances have not been
considered in this study to focus mainly on capacitors whose measurements present a
good signal-to-noise (SNR) ratio. Indeed, in contrast with capacitances values greater
than 300 aF, those capacitors exhibit large relative fluctuations in the observed microwave
signals. Further complicating this, the drift of the microwave signal observed in the Y
scanning direction (see Figure 5d) has more impact on the determination of the smallest
capacitances as they are physically positioned at the beginning and end of the scanning
area. Further discussion on this point is proposed in the following section. For all other
capacitors (>300 aF), the relative error reaches a maximum value of 20%, with a median
value of 8.7%.

In the following section, we analyze the capacitance fluctuation considering a straight
1D profile as presented in Figure 11a (non calibrated topography). In particular, we focus
on the smallest capacitors related to the probe tip directly in contact with the silicon oxide
layer. Figure 11b shows a zoomed-in version of Figure 11a in the x-range of 17–25 µm.
Two steps of silicon oxide with absolute thicknesses of 198.3 and 137.1 nm are identified.
The related extracted microwave capacitance profile demonstrates that the corresponding
capacitances are about 40 and 22 aF, respectively, with fluctuations of about ±5 aF.
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4. Conclusions

Calibrated capacitances values in the millimeter-wave regime considering a frequency
of operation of 30 GHz (free-space wavelength of 1 mm) have been presented. The scan-
ning probe instrumentation proposed built entirely from scratch is based on a combined
AFM/SMM integrated inside an SEM. The stability of the microwave path is ensured by
keeping the microwave probe and cables fixed during the scanning operation. Only the
sample under test is moved under the probe. A high signal-to-noise ratio is obtained by
choosing appropriate electrical parameters for the VNA, i.e., the RF power set to 0 dBm
and IFBW to 50 Hz. No external electrical matching network commonly found in SMM
set-ups is used. Instead, we increased the frequency of operation up to 30 GHz to obtain a
good compromise between the collimation of the electrical fields in the vicinity of the tip
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apex and moderate losses in the microwave path between the microwave source and the
apex tip. We focused mainly on MOS capacitors whose theoretical values are in the range
of 0.5–5 fF. A dedicated calibration is developed to extract the capacitances values with a
median error of 10%. To that end, a dedicated standard operation procedure, including the
measurement protocol and data analysis, is used to derive the quantitative data of interest.
The measurement performance is demonstrated with capacitance fluctuations in the order
of ±5 aF.

5. Discussion

These results are very instructive and lay the background for future microwave
nanometrology. Indeed, SMM techniques have become a mature technology in both
academic and industrial laboratories. National metrology institutes have considerably
contributed to enhancing SMM technology. In this effort, we analyzed the experimental
results presented in this work, and we draw conclusions for future works in the following.

− The theoretical capacitances do not consider fringing field effects. Future works will
include analytical and electromagnetic simulations to derive more realistic values of
capacitance values. In addition, the coupling effect from neighboring capacitors will
be studied to yield the optimization of the disposition of the capacitors.

− Electrical drift of the microwave instrumentation is inevitable. Although its impact
is reduced for capacitances greater than 300 aF, there is an urgent need to introduce
solutions to achieve stable measurements for capacitance as low as 1 aF. To tackle this
issue, the microwave path must be reduced to the minimum. The research direction
should be directed towards the implementation of the microwave instrumentation
closest to the probe. In particular, we omitted capacitances below 300 aF as the
longitudinal drift (along the y-axis) is not compatible with accurate extraction of
the electrical parameters. To complicate, the reference kit is used with the smallest
capacitors on the top and on the back of the scanning area. It is highly recommended
to design reference kits by taking into consideration the electrical drift. In other words,
the scanning area and in particular the scanning time must be reduced as necessary to
yield consistent quantitative data.

− The calibration reference kit in this study is based on microsized capacitors. Decreas-
ing the size of the microcapacitors is still an issue to address nanoscale characterization.
Indeed, the apex tip must be reduced to accommodate smaller footprints. In this
effort, we considered a relatively small apex radius of 70 nm. The size can be further
reduced as an apex size below 20 nm is commercially available. Operating inside a
SEM is beneficial to limit the scanning area when fragile sub-20 nm apex sizes are
considered. Ongoing works related to the free-space calibration procedure that exploits
the stand-off between the tip apex and the material surface is also a possible alternative.
The instrumentation proposed offers the unique possibility to image the apex geometry
and to record simultaneously the microwave signals. Indeed, the apex geometry is the
main factor that governs the theoretical derivation of the coupling capacitance.
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