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Introduction

n this application note, we describe electromagnetic (EM) simulations using Keysight
Technologies’ EMPro softwarel to support the interpretation of scanning microwave
microscope (SMM) experiments. The SMM is a new scanning probe microscope that
combines the electromagnetic measurement capabilities of a microwave Performance
Network Analyzer (PNA) with the nanometer-resolution and Angstrom-scale positioning
capabilities of an atomic force microscope (AFM).

Scanning microwave microscopy is a technique for measuring reflection scattering
parameters and corresponding electric properties of materials at the nanoscale in the
frequency range of 1-20GHz. Using EMPro, we modeled both the macroscopic AFM tip
holder and the nanometric AFM tip in contact with a three-layer stack sample using the
Finite Element Method (FEM). For this, 3D computer-aided drawings (CAD) of the tip
holder and the tip-sample system were imported into EMPro. The electromagnetic field
distribution and the complex impedance values of the sample were calculated and the
corresponding reflection scattering parameters were determined at different frequen-
cies. The EMPro modeling results were then compared to experimental SMM data,
including complex impedance values of a standard calibration sample. A reasonable
alignment between model and experiment was observed within 20% accuracy for the
capacitance data.

Further applications of EMPro modeling are also presented in this application note,
including the investigation of an oxide layer on top of a semiconductor and a Pt-Si02
cross-structure. The electromagnetic field distribution and corresponding complex im-
pedance values were calculated with EMPro and compared to SMM measurements.
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‘Setting up the SMM simulation in EMPro’ (a) The SMM project can be found in the Help/Examples menu. The examples are read-only files so it is useful to save a copy of
the project for modifications. (b) The parameter menu is selected with each paramete having its own short description. Parameters that are related to geometric objects
are numbered from 1 upwards, while parameters intended for modifications are labeled by zero. (c) Meshing of the tip-sample and numerical results, including complex
impedance values (encircled in red). The simulations presented here are single-frequency simulations, but frequency sweeps are also possible. The second submenu pro-
vides several global parameters to control the meshing algorithm, while the third submenu allows selection of a direct or iterative solving strategy (here, iterative solving
and quadratic base functions were used). Meshing can be controlled by individual mesh settings (which are independent for every part and include initial mesh size and
meshing priority) and global mesh settings. Setting individual initial mesh sizes can help optimize the simulation time; different meshing priorities are useful to avoid
meshing errors at overlapping areas (e.g., contact points). After setting the initial meshing, the refinement process starts. The mesh is iteratively refined and for every
mesh a simulation result is calculated. The difference of the reflection coefficient of two consecutive simulations acts as the refinement exit criterion and a particular value
can be preset. Regarding simulation time and memory, it took roughly 5 minutes on a standard desktop PC with a dual-core processor and 4GB RAM; the memory usage

was roughly 2GB.

Methods

All EMPro simulations were carried out in
full-wave EM simulations. There are two
simulation engines available in EMPro:
Finite Element Method (FEM) and Finite
Difference Time Domain (FDTD). Here,
we used FEM simulations because of the
availability of waveguide ports, which are
useful for the examination of components
with unknown wave propagation modes,
and because of the flexible meshing
algorithms of the FEM solution. The first
step in setting up an EMPro model is to
create the 3D geometry and define the
materials and corresponding properties.
The 3D model can be either created by
using different low-level geometric forms
(e.g., cylinders, cuboids, or frustums) or
by importing a 3D CAD model (several file
formats are accepted).

In this application note, we show the
modeling of two different parts of the
experimental setup that have significantly
different length scales. Firstly, the mac-
roscopic SMM nose cone was modeled,
which is roughly a centimeter wide. The

nose cone consists of the AFM tip holder
and the connection of the RF cable to the
AFM tip. The modeling of the nose cone
reveals information on the overall mea-
surement setting and the various imped-
ance matching properties of the connec-
tors and cables. Secondly, the nanoscopic
AFM tip was modeled that is sampling the
device under test (i.e., the sample). The
probe tip is roughly T10-100nm in diameter.
From the nanoscopic tip-sample simula-
tion we derived the reflection scattering
parameters and corresponding complex
impedance values of the tip-sample sys-
tem. Those values were compared to SMM
experiments of the capacitance calibration
sample and a reasonable agreement was
observed.

The nanoscopic tip-sample simulations
are relevant for materials science inves-
tigations and the quantitative evaluation
of complex impedance properties can

be applied to various samples, including
semiconductor circuits, energy materials,
or biological cells and membranes. The
SMM nose cone simulation particularly
helps in understanding the macroscopic

measurement setting, including the
analysis of stray capacitances from
the cantilever and the overall sample.
The separation of the modeling into a
macroscopic part (i.e., the nose cone)
and a nanoscopic part (i.e., the local
tip-sample interaction) also avoids
excessive computation requirements.

Details on the SMM experiments are
given in the inbox ‘SMM experiments’,
while details on the EMPro simulations
are given in the inbox ‘Setting up the
SMM simulation in EMPro’. Two appli-
cation results of EMPro are presented:
(1) the electromagnetic field distribu-
tion and attenuation was calculated
for oxide layers with different thick-
nesses on a semiconductor sample,
and (2) a cross-structure of a platinum
metal and silicon oxide (Pt-Si02) was
modeled and both electromagnetic
fields and corresponding impedance
values were compared with SMM
measurements. Both the qualitative
E-field distribution and the quantitative
impedance values agreed well with the
experiments.
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‘SMM experiments’ (a) In scanning microwave microscopy (SMM), a performance network analyzer (PNA) is interfaced with a standard atomic force microscope (AFM) to
perform microwave network analysis at the nanoscale with frequencies ranging from 1-20GHz. The microwave signal generated by the PNA is transmitted via a coaxial
cable to a conductive AFM tip. By comparing the incident RF signal to the back-reflected signal, the S11 network parameters are extracted by the PNA. A half-wavelength
coaxial resonator in parallel with a 500hm shunt provides highest sensitivity for the SMM measurement. Thereby, minute variations around the load impedance can be
measured, including calibrated capacitance values and semi-quantitative estimations of the resistance (i.e., complex impedance). With standard SMM settings, typically
capacitances as small as 1aF can be measured. (b) PNA sweep over the full frequency range of 1-20GHz showing periodic notches every 2GHz with high measurement
sensitivity typically used for SMM experiments. (c) Capacitance calibration: a standardized sample of small capacitor plates is used to transfer PNA amplitude values into
absolute capacitance values ranging from roughly 0.1-10fF. The capacitance calibration sample is a three-layer stack sample of doped silicon, silicon oxide, and gold pads
acting as small capacitors. The topographical image is acquired simultaneously to the complex S11 reflection parameters and displayed as PNA amplitude and PNA phase
images. From the complex S11 data, calibrated capacitance and resistance images can be derived.?
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Figure 1. Macroscopic simulation of the SMM nose cone component. (a) Basic geometric model of the electrically relevant parts of the nose cone. The coaxial resona-
tor cable and the cantilever were selected as the two ports for the modeling. Both ports are modeled as discrete voltage sources. (b) Waveguide structure showing the
dielectric chip, the metallic cantilever, and the nose cone dielectric and ground. The two-dimensional port simulation was used to estimate the wave propagation modes
and it behaves similarly to a 50 Ohm micro-strip transmission line. (c) From the above simulation, the wave impedance was calculated as a function of frequency ranging
from 1-20 GHz. The SMM nose cone simulation is only required for the evaluation of the macroscopic stray capacitance and typically the calculation is not necessary for
nanoscale studies. Hence, it is not included in the EMPro SMM project.

Results and Discussion

Figure 1a shows a sketch of the nose cone,
which is the macroscopic SMM compo-
nent. The model includes the cantilever,
the electrical transmission line, a coaxial
resonator, and a metal housing that acts
as an electrical shield. The nose cone
connects the PNA with the AFM and the
microwave signal is delivered to a conduc-
tive metal cantilever. It is engineered

to provide consistent, stable, and low-loss
microwave connection to the tip.

Based on the 3D CAD model, we exam-
ined the scattering parameters, includ-
ing transmission between the PNA and
cantilever as well as reflection properties
at the tip-sample interface. For this, the
CAD file was imported into EMPro and the
electromagnetic field distribution was cal-
culated. Based on the proper definitions
of the ports, complex impedance values
and reflection scattering coefficients were
derived from the EM-field using standard
EMPro procedures. Figure 1b shows the
electric field distribution of a two-dimen-
sional port simulation in order to examine
the waveguide behavior of the cantilever

/ nose cone interface. The electric field
distribution follows standard micro-strip
transmission line behavior. From the simu-
lation, the wave impedance was calculated
at different frequencies and plotted in
Figure 1c.

Between 1-20GHz, a nearly constant im-
pedance around 500hm is obtained, which
is in line with conventional RF circuitry,
cables, and instruments. Based on the
macroscopic evaluation of the SMM nose
cone, the stray capacitance between the
cantilever holder and the overall sample
can be calculated and used to refine the
measurement analysis. Here, the stray ca-
pacitance was subtracted from the SMM
measurement results and a local analysis
of the complex tip-sample impedance
was pursued.3 However, for standard
nanoscale SMM studies the macroscopic
nose cone modeling can be abandoned
and only local tip-samples models can be
investigated. Therefore, the macroscopic
SMM nose cone model is not included in
the EMPro project.

Figure 2 shows the nanoscopic tip-sam-
ple simulation that is also included as an
SMM example project in EMPro. The inbox
‘Setting up the SMM simulation in EMPro’
gives an overview of proper meshing

and parameter optimization. The project
includes the probe tip in contact with
three layers of different materials (metal,
oxide, and semiconductor). Parameteriza-
tion was used in order to create a flexible
model of the tip-sample geometry. This
allows simple adaptation of key dimen-
sions such as probe tip radius or oxide
thickness of the sample. In particular,

EMPro provides a parameter list for
every simulation project, allowing the
creation of various variable dimensions.
For every geometric object (e.g., AFM
tip, cantilever), separate parameters
for the position (x, y, and z coordinates)
and the key dimensions (e.g., diameter,
thickness) were created. Also, mutual
dependencies of the parameters were
included as mathematical terms (e.g.,
lengthl = length2 + 0.5 x length3; the
length describes the distance of the tip
from the surface; for details, refer to
the parameter descriptions in EMPro).
Therefore, it is easily possible, for
instance, to change the oxide thick-
ness of the three-layer stack sample
without affecting the contact condition
between tip and sample.

Figure 2a shows the simulation of the
AFM tip (including the cantilever) in
contact with the three-layer stack
sample of a semiconductor material
(doped silicon), an oxide (silicon oxide),
and a circularly shaped metal pad
(gold pad). This sample is typically
used in SMM capacitance and complex
impedance calibration experiments
and is a good starting point for more
complex sample simulations. There
are two kinds of meshes involved in
Figure 2a. Surface meshing (green)
was used for well-conducting mate-
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rials (e.g., metals like the cantilever, tip,
and gold pad) and volume meshing (white)
was used for semiconductor materials and
dielectrics (e.g., the doped silicon and the
silicon oxide). Mainly based on materi-

al conductivity, the meshing algorithm
decides automatically for each part of the
model which kind of meshing to use. The
conducting metal parts were treated as
equipotential surfaces corroborated by
the fact that the spatial dimensions of the
model are small (few hundred micrometers
length of the cantilever) in comparison to
the wavelength of the electrical signals (on
the order of centimeters at GHz). There-
fore, the electrical excitation was set to a
discrete voltage source connected to the
cantilever (positive pole) and the bottom
of the sample (negative pole). In Figure
23, the source is represented by the green
arrow labeled as electrical port.

Figure 2b gives a more detailed view of the
tip in contact with the circularly shaped
gold pad of 10pum diameter. Numerical
results obtained from the EMPro simu-

lation are given in the table in Figure 2c,
including capacitance and resistance
values as calculated from complex imped-
ance values at T0GHz. Four different gold
pads with diameters ranging from 1-10um
were simulated and complex impedance
values evaluated. For proper comparison
to experimental SMM measurements the
cantilever stray capacitance was sub-
tracted from the total impedance. The last
column in the table also lists the calibrat-
ed capacitance values as derived from
SMM measurements of the same sample,
including gold pads of 1-10um in diame-
ter.3, 4 For experimental details, please
refer to the inbox 'SMM experiments’
showing a calibrated capacitance image
of this sample. From the experimental
SMM image the capacitance values were
derived for the differently sized gold pads,
assuming a parallel plate capacitor model
as included in the current SMM measure-
ment software.3 The measured capaci-
tance values agree with the simulations
within 20%, which is currently given as the
measurement accuracy of SMM. From the

SMM experiments, the resistance can
also be estimated semi-quantitatively
and the modeled resistance values
agree with the experimental ones
qualitatively.2

Figure 3 shows the electric field
distribution of the AFM tip and the
cantilever in contact with a three-layer
stack sample.5 The sample consists
of a perfect electrical conductor (PEC)
plane as bottom layer (i.e., an ideal
metal), a doped silicon chip of 500um
thickness, and a smaller region of
50nm thick silicon oxide (Si02). The
dopant density of the silicon is set to
medium values (~1017 atoms/cm3),
which results in a quite good, but not
perfect conductivity. Therefore, there
is also some electric field distribution
obtained in the doped silicon.
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Figure 3a shows the magnitude of

the lateral electric field distribution on the
silicon surface. Due to the cantilever, the
field is not decaying symmetrically around
the tip. In Figure3b, the magnitude of the
electric field is plotted into a vertical cut
plane. The logarithmic color coding of
the E-field values is adapted such that
the electric field is also visible inside the
silicon. In Figures 3¢ and 3d, a closer look
at the E-field distribution on the surface
of the 50nm thick silicon oxide is shown.
While the field plots in Figures 3a and 3b
are done with the advanced visualization
tool of EMPro, the field data in Figures3c
and 3d are drawn by a specific surface
field sensor assigned to the silicon oxide
surface. The E-field data can thereby be
plotted directly in the geometry window.

Figure 4 shows a first example of the use of
EMPro to support SMM measurements. A closer
look at the E-field distribution of the tip-sample
interaction with the nanoscale tip in contact

with silicon oxide residing on a doped silicon
semiconductor is given. Doped silicon with an
oxide layer on top of it is a typical measurement
sample for SMM and often the question arises
how thick the oxide can be in order to do proper
SMM measurements. Three different oxide layer
thicknesses were modeled (10nm, 20nm, and
50nm) and the electromagnetic field distribution
was calculated at a single frequency of 10GHz.
The field distribution was plotted by using the
advanced visualization capabilities to place
arbitrary cutting planes within the geometrical
model. Here, the total magnitude of the electrical
field (i.e., the geometric sum of x, y, and z compo-
nents) is plotted in logarithmic color code.

The oxide can be considered as dielectric
material with only capacitive contribution and
therefore most of the field decays in the oxide
layer. From the electric field distribution and
corresponding complex impedance values, it is
evident that oxide layers of up to 20nm thick-
nesses can be properly used with a standard
SMM tip (tip diameter <100nm). However, on
oxides with 50nm thickness or more, the SMM tip
field concentration is typically not sufficient to
provide good SMM imaging capabilities. Further-
more, EMPro modeling shows that SMM tips with
larger diameters can also probe semiconductors
with thicker oxide and a quantitative relation

between maximum possible oxide thickness and
tip diameter was established.> SMM experiments
were done with two different tips (i.e., 20nm and
120nm tip diameters, respectively) to verify the
EMPro modeling results.

Figure 5 shows a second application example of
the use of EMPra in combination with SMM. Two
different Pt-SiO2 cross-structure samples grown
on silicon wafer using focused ion beam (FIB)
assisted chemical vapor deposition were imaged
with SMM and analyzed with EMPro.

-40 | Total E|(dB) 0
[ DU nm

© (d)

Figure 3. Electric field distribution of the AFM cantilever in contact with a sample. The sample is a
three-layer stack including a metal layer at the bottom, a doped silicon chip of 500pum thickness,

and a 50nm oxide layer of smaller lateral dimensions. (a) The electric field distribution is shown in the
lateral direction on the silicon surface. (b) The field distribution is plotted onto a vertical plane with
arrows and a logarithmic color scale. In (c) and (d), the field distribution is shown on the oxide surface.
Information about the lateral and vertical tip-sample interaction volume can be derived. In contrast
to (a) and (b), the plotted field data is drawn by a surface field sensor that can be assigned to any
component surface in EMPro.

| Total E|(dB)
-120 -80 -40 0
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Figure 4. EMPro application example of the nanoscopic tip in contact with different layers of oxide on
a semiconductor material. Three different thicknesses of an oxide layer on top of doped silicon with
the probe tip directly in contact with the oxide were investigated. Oxide thicknesses are 10nm (left),
20nm (center), and 50nm (right). The local field strength at the doped silicon semiconductor surface
decreases with increasing oxide thickness. At 50nm oxide thickness the electric field is already very
weak, which makes standard SMM experiments difficult.
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Figure 5. EMPro application example on Pt-SiO2 cross-structures. Upper row: The SMM topographical image of a Pt-SiO2 cross-structure is shown (left). The Pt bar has
a length of 20um, while the SiO2 has a length of 30um. The width of both bars is roughly Tum and the height is around 20-50nm. The cross-structure geometry was im-
ported into EMPro and the cantilever was added (center). The table compares the magnitude of the complex impedance values from the SMM measurement and the EMPro
simulations (right). Center row: SMM impedance image (left) and corresponding EMPro E-field distribution (center) with the tip in contact with the Pt metal. In this sample,
the Pt bar is above the SiO2 bar (right). Lower row: SMM impedance image (left) and corresponding EMPro E-field distribution (center) with the tip in contact with the Si02
bar. In this sample, the Pt bar is below the SiO2 bar (right).

In the first sample, the Pt bar is above the
SiO2 bar (Figure 5, center row) while in
the second sample the Pt bar is below the
SiO2 bar (Figure 5, lower row). The SMM
measurements show the tip-oxide imped-
ance being significantly larger (85kOhm)
than the tip-metal impedance (9kOhm).
While the metal bar is continuously seen
in the SMM impedance image when it

is above the oxide bar, it is divided into
two parts by a gap when the oxide bar is
above the metal bar. In the gap region,
the tip doesn’t form an electrical contact
with the metal bar and the larger Si02
impedance is measured. While the SMM
images show complex impedance values,
EMPro simulations give both complex
impedance values and the corresponding
3D E-field distribution.

Firstly, the impedance values from EMPro
agree well with the SMM impedance

results (cf. table in Figure5). Secondly, the
E-field distributions support the interpre-
tation of the SMM measurements. When
the tip is in contact with the metal bar,
the metal virtually increases the effective
tip area and the full metal bar acts as an
electrode in the frame of a parallel plate
capacitor. Therefore, the impedance is
low when the tip is in contact with the
metal, and the E-field is present along the
full metal bar. It is important to point out
that even when the tip is located at one
end of the metal bar, the same E-field is
also acting on the other end of the metal
bar, and the E-field is homogenously
distributed over the full metal bar. This

is nicely shown in the EMPro image of
Figure 5, center row.

The situation is different when the tip is
in contact with the oxide bar. Here, the
actual AFM tip defines the electrode area

and the corresponding E-field is locat-
ed only around the AFM tip (Figure 5,
lower row). Therefore, the correspond-
ing tip-oxide impedance values are
larger because the AFM tip electrode
area is smaller than the area of the Pt
bar. The reduced impedance on the
metal can be understood quantita-
tively by the following formula: Z =R

+ 1/(iwC), with Z the complex imped-
ance, R the resistance, i the imaginary
unit, w the circular frequency, and C
the capacitance. On the metal, C is
defined by the total bar area, which

is by orders of magnitude larger than
the effective tip area that defines C

on the dielectric oxide bar. The above
mentioned analysis can also be used
to investigate the complex permittivity
and dielectric constants of various
oxide materials, polymer matrices, and
biomaterials.
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Summary

In EMPro, a simple SMM example project is included. It consists of a parameterized AFM tip in contact
with a three-layer stack sample. The geometry and complexity of the sample can be easily changed
within EMPro and complex impedance values can be derived for different sample geometries. Further-
more, using EMPro, the 3D E-field distribution can be calculated, which has shown to be useful for the
interpretation of SMM experiments on oxide layers with different thicknesses. The complex impedance
values can be compared to experimental SMM measurements as highlighted for the capacitance
calibration sample and the cross-structure sample. SMM experiments result in calibrated complex im-
pedance data, including capacitance and resistance images with nanoscale resolution down to 10nm.
SMM measurements can be done on a wide range of samples, spanning semiconductor technology,
materials science, and life science (including cells and membranes).

EMPro modeling can assist in the interpretation of SMM experiments and lead to a more detailed
understanding of the underlying electromagnetic field distribution as well as corresponding physical
properties like complex impedance, permittivity, and permeability. EMPro software efficiently comple-
ments SMM analysis software and allows more detailed investigations regarding 3D sample geometry,
AFM tip diameter and shaft angle, and measurement frequency. Also, advanced SMM imaging modes
and tip-sample retraction curves can be modeled and investigated in more detail using EMPro.
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