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Analytical expressions for spreading resistance in
lossy media and their application to the calibration
of scanning microwave microscopy
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This paper presents the analytical derivation of spreading resistance expressions for diverse geometries of
a conducting probe submerged in a lossy medium. Resulting equations can be used to calibrate scanning
impedance/scanning microwave microscopes operating in liquid. The expressions are systematically
validated through numerical and experimental methods for the calibration of an inverted Scanning
Microwave Microscope (iISMM) when operating in a lossy saline medium, such as Dulbecco's Modified
Eagle Medium (DMEM), a widely used medium for supporting the growth of biological cells. The
calibration process within DMEM plays an important role in the quantitative local evaluation of
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Introduction

Near-field Scanning Microwave Microscopy (SMM), sometimes
also indicated as Scanning Microwave Impedance Microscopy,
is a class of microscopes exploiting the short-range interaction
between a probe and a sample at high-electromagnetic
frequencies;' the probe travels across the sample surface at
a fixed distance enforced by mechanical interaction, namely
exploiting an Atomic Force Microscope (AFM), or electrically, by
exploiting a Scanning Tunnelling Microscope. SMM is
extremely interesting for its capability to provide tomographic
and quantitative measurements of sample properties in the
electromagnetic spectrum. It complements the topographical
information that can be obtained by the AFM. In a classical
SMM setup, a microwave signal is guided through the metal
probe (typically the AFM or STM tip). By measuring the reflec-
tion coefficient, it is possible to determine the sample's raw
impedance. The measured data is then converted into its cor-
responding electromagnetic property after calibration to
remove systematic errors. The elaboration involves establishing
a relationship between integral quantities, such as the cali-
brated impedance, and point quantities, such as the dielectric
constant or conductivity, enabling accurate analysis. The
inverted SMM (iSMM)” is a new variant of the SMM, where the
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electromagnetic properties of biological

samples under physiological conditions. Additionally,

measurements are performed in distilled water for comparative analysis.

propagation of the microwave signal occurs through a planar
waveguide serving as the sample holder.

A schematic is reported in Fig. 1 for convenience, along
which a picture of the slot-line used in the present paper. The
slot-line is printed on a circuit board whose size is 3 cm x 3 cmy;
it is composed of two gold-coated copper traces 200 um wide
and spaced 100 um. Electrodes are made of 15 pm of copper, 5
um of nickel, and 0.03 pm of gold sitting on 512 um of a low loss
material featuring a 2.79 dielectric constant and 0.0019 tan é.
The device is stacked on a ground plane and some FR4 is added
to make the structure more rigid. The liquid container is a small
plastic chamber containing liquid 0.3 cm in depth, and a total
amount of 1.8 mL. The grounded metal microscope probe then
perturbs the waveguide field as it scans the sample. Measure-
ments on the waveguide are performed by a Vector Network
Analyzer (VNA), a device able to recover the magnitude and
phase of the scattering matrix S, whose elements §;; are the re-
flected (S;;) and transmitted (S;) signals between ports i and j. By
conducting a scan and recording the plane position of the probe
(x,y) along with the corresponding reflected (S;4(x,y)) and/or
transmitted (S,;(x,y)) signals at the waveguide ports, the
sample electromagnetic properties can be extracted. In fact, the
combined sample and grounded probe act as a shunt admit-
tance function of (x,y) with respect to the transmission line that
models the waveguide. iSMM has the advantage of being simple
to implement since any existing scanning microscope can be
converted into an iISMM by properly designing a sample holder.
The method is especially appealing in scenarios where the
sample is immersed in a liquid environment, as it does not need
any specific probe requirements. It should be stressed that
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Substrate

Ground Line

Fig.1 Schematic of an AFM-based iSMM: a planar waveguide — either
a coplanar waveguide or a slot line — is used as a sample holder.
Reflection and transmission coefficients are measured while
a conductive grounded tip is scanned across the sample perturbing the
field. The whole AFM tip is immersed in liquid (note: several details are
not shown to simplify the schematic). (inset) Picture of the slot-line
used in the reported experiments, highlighting the plastic container for
liquid.

probes for standard SMM are often carefully micromachined
microwave devices, incompatible with the in-liquid operation.
In this framework, accurate calibration is a fundamental step
for the quantitative characterization of both SMM and iSMM.
Calibration is necessary to remove unwanted effects such as the
probe feedline, the cables, and the connectors. The modeling of
undesired phenomena involves the computation of an error
matrix containing unknown elements, which necessitates the
determination of these elements through a series of raw
measurements conducted on known samples, commonly
referred to as standards. The most precise approach is to use the
capacitance of the probe tip over a ground plane as the known
termination impedance of the microscope,® the ending part of
the tip assumed to be a metal sphere. Sometimes a more
complex geometry, closer to reality, is assumed for the probe
modeling.* In a lossy liquid, a resistive element in parallel with
the capacitor called “spreading resistance”, appears. This paper
aims to characterize and illustrate the influence of this specific
element on the calibration of microwave microscopy measure-
ments in lossy liquid media. Although the presented results
refer to our iSMM, the entire procedure works on standard SMM
setups. The proposed expressions can be exploited in other
fields than microscopy, such as sensor design.

Theory

In the calibration procedure described in ref. 3 the known load
was constituted by the capacitance of a sphere, modeling the
ending part of the probe, over a metal plane evaluated by
recursive images®

yiL = jwC;
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being a the radius of the sphere and d; its i-th distance from the
ground. Incidentally, the image method was also used by Gao
and Xiang® to relate the shift in the resonant frequency of a kind
of SMM to the dielectric constant of the sample. Note, the quasi-
static hypothesis holds by virtue of the “near-field” operation of
the microscope. Here the dielectric constant ¢, is the one of the
surrounding medium, and more generally, when a homoge-
neous medium with relative dielectric constant ¢, fills the space
surrounding the probe, we will have simply,

C= SrC() (2)

where C, is the corresponding capacitance in vacuum. When
the medium has a conductivity ¢, the capacitance is no longer
solely sufficient to accurately model the system, since
a spreading admittance appears in parallel. Calculation of the
spreading admittance would require solving a Laplace equa-
tion; however, the same equation and the same potential
distribution is implied in the calculation of C, so that C,, already
embeds information about the spatial distribution of the elec-
tric field. In general, by fundamental electromagnetic theory,
the relative dielectric constant can be replaced by the complex
dielectric constant,

~ a / .

e,—e,+jw—60—s+]s (3)
and the spreading admittance G simply arises from the imagi-
nary part of the complex capacitance (2) when (3) is used,
namely,

a Co
€0

G= (4)

In the case of the sphere, by virtue of (1) we have

G =4mo (di—Q—a)2 —a?-

;{cothKn—l—%) +acosh(¥)] — 1} (5)

The above approach can be quickly extended to other shapes.
For example, a set of approximate expressions is reported for
different shapes,” including a vertical finite wire of radius a and
length [ at distance d from the ground, so that by our approach
we would get,

G— 2rtlo ©)

In <£> —2.303D
a

where D' is a numerical coefficient that can be interpolated from
a table as a function of d/I. To simplify its use, we have calcu-
lated a possible polynomial interpolation, as

D' = 0411 — 0.746x + 1.346x> — 1.355x> + 0.731x*
—0.204x° + 0.027x° — (1.228 x 1073) x7 7)

where x = d/l.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison between real and imaginary part of (top) DMEM
and (bottom) distilled water permittivity as measured in ref. 7 and as
fitted by egn (8) and (9). Parameters in the text.
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Fig. 3 Comparison of spreading resistance calculated from egn (5)
and from COMSOL for a sphere in DMEM at 1.5 GHz.

Experimental

To calibrate SMM measurements in DMEM, we have fitted the
measurements reported in ref. 8 in the frequency range of 1-9
GHz to a single-pole Debye model and extracted the conduc-
tivity from the imaginary part of the dielectric constant. Single-
pole Debye model for salty liquid can be expressed as’
=it ©)

& = &x + TR

s, (es—ex)wT @
= — 9
1+ w?t? we )
and results of fitting are shown in Fig. 2 with fitting parameters
£o = 10.752, &g = 75.142, ¢ = 1.412 [S m~ '] and 7> = 9.05 pS,
valid at 23 °C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of spreading resistance calculated from eqgn (6)
and from COMSOL for a cylinder in DMEM at 1.5 GHz.

It appears that DMEM is strongly dispersive, especially in the
lower frequency range, where ionic contribution is dominant.

Most importantly, the sensitivity of microwave microscopes
appears generally at a much lower frequency in liquid, because
of the reduction in wavelength, and consequently, a correct
model of the dispersive behavior becomes relevant.

Results predicted by eqn (5) and a Finite Element Method-
ology (FEM) based 2D axis-symmetric simulation by the
commercial software COMSOL are shown in Fig. 3; here the
radius of the sphere is assumed to be 100 nm, and simulation is
performed at 1.5 GHz where the DMEM medium is particularly
highly dispersive and the conductivity is assumed to be ¢ =
1.732 Sm™; in the simulation, the distance between sphere and
ground is varied from 100 nm to 1 um.

By the same token, Fig. 4 compares the COMSOL results with
eqn (6) for a cylindrical wire 1 pm long, with a radius of 100 nm,
and conductivity as in the previous example.

Note, while prediction for the sphere is extremely accurate,
since eqn (1) is rigorous, the case for a cylinder was recovered
from an approximate expression, and some deviation between
COMSOL and the analytical model was expected. In accordance
with the methodology described in ref. 3 and, ref. 10 the cali-
bration of S;; measurements is performed on an inverted
microscope configuration. The microscope consists of a slot-
line structure, described in the introduction, serving as
a sample holder for an AFM (NT-MDT SMENA, equipped with
a in-liquid head) as shown in Fig. 1. Simultaneous recordings of
S;; and S,; are conducted using a VNA (Keysight E8361A)
operating at an intermediate frequency (IF) of 100 Hz and
a power level of —15 dBm. Throughout the measurements,
a platinum-coated cantilever AFM probe (Rocky Mountain
Nanotechnology 12Pt400B) with a radius less than 8 nm is
systematically displaced at various distances from the metal
line. The probe tip is assimilated to a sphere (8 nm radius).
Capacitance and conductance are calculated using expressions
(1) and (5), considering the presence of DMEM liquid modelled
by eqn (8) and (9). They are used as known loads at three
distances to calibrate measurements at the remaining
distances.
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Top: illustration of the three scenarios of the probe switching from a contact to a contactless condition; bottom left, raw input admit-

tance; bottom right, (first attempt — see text for more details) calibrated input admittance.
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Fig. 6 Top left: comparison between expected ideal, COMSOL and measured conductance in DMEM with a sphere 8 nm of radius, after
calibration at 1.06 GHz as a function of the probe-metal distance; top right, same comparison for the capacitance; bottom left, comparison for
the conductance at 2.25 GHz and bottom right comparison for the capacitance.

Results and discussion

One of the main problems to evaluate the probe-sample
admittance correctly and accurately is to understand at which
distance the probe touches the sample holder, basically the
“zero” of the measurement in terms of distance; in fact, the
electrical effect of the contact seen at the input of a complex
error network is not easily predictable at high frequencies. To
further complicate the measurements, there are additional
effects, such as the known hysteresis in tip approaching/
retracting after contact, due to sticking effects, and the
possible bending of the probe when close to the metal line, due
to electric forces. Such effects are not an issue when calibrating

21280 | RSC Adv, 2023, 13, 21277-21282

STM-based microscopes, owing to the rigid probe, but can make
useless the measurements of an AFM-based SMM. To the best of
our knowledge, this problem has not been discussed before,
and in the following, we introduce a possible solution. To locate
the zero, we have made a first rough guess based on the nominal
vertical position of the probe z = 0 (available from the AFM
microscope and corresponding to the landing quote), and we

Table 1 Debye fitting parameters for DMEM and distilled water

Material &s oo a[Sm™] 7 [pS]
DMEM 75.412 10.752 1.412 9.05
Distilled water 79.11 5.14 0 8.5

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Top left: comparison between expected ideal, Comsol and measured conductance in distilled water with a sphere 8 nm of radius, after
calibration at 1.52 GHz as a function of the probe-metal distance; top right, same comparison for the capacitance; bottom left, comparison for
the conductance at 2.1 GHz and bottom right comparison for the capacitance.

have calibrated the input admittance using the admittance of
a sphere at three probe-sample distances, measured assuming
this zero. In this condition, depending on the AFM setting
point, at z = 0 the cantilever is significantly deflected, as shown
in the top left schematic of Fig. 5, position numbered 1; hence,
after opening the feedback loop and retracting the probe, the
latter will remain in contact with the sample even when the
piezo actuator extends for tens to hundreds of nanometers (top
center schematic of Fig. 5, position numbered 2). On the other
hand, to correctly evaluate the sphere/metal distance, the zero
must be located where the probe switches from a contact to
a contactless condition. After this first tentative calibration,
a strong discontinuity was clearly visible in the calibrated input
admittance at some position z = z,. This is summarized in
Fig. 5, where discontinuity is near 256 nm. Next step was
assuming z, as reference point, namely the actual zero, and raw
data were calibrated again using the corrected distances. The
final results are reported in Fig. 6 for both conductance and
capacitance as function of the tip-line distance, at 1.06 GHz and
2.25 GHz. Note, this measurement was simultaneously per-
formed at 100 frequency points between 1 and 3 GHz. If the
calibration is correct, the behavior of the curve should perfectly
follow the ones predicted by eqn (1) and (5). The obtained
results are in excellent agreement, with the capacitance
measurement exhibiting higher accuracy. This observation
aligns with the fact that while losses are noticeable, they are not
excessively high, resulting in slightly reduced accuracy in the
measurements of the real part of the input admittance.

Same measurements were performed for the distilled water,
where Debye fitting parameters to ref. 8, that coincide remark-
ably with what reported in ref. 9 at 23 °C, are ¢, = 5.14, &5 =

© 2023 The Author(s). Published by the Royal Society of Chemistry

79.11, 0 = 0 and t = 8.50 pS. Fitting parameters for both DMEM
and distilled water are summarized in Table 1.

The final results are reported in Fig. 7 at 1.52 and 2.1 GHz. In
this case, the conductance measurement is inherently noisier
due to its lower value. Nonetheless, the reduced losses enabled
a more precise measurement of the capacitance.

Conclusions

In conclusion, this study presents a straightforward yet effective
approach for assessing the spreading resistance of electrodes
with diverse shapes immersed in a lossy medium, specifically in
saline liquids. In this framework, a Debye model for DMEM,
a widely used medium for biological applications, is developed.
The derived expressions for spreading admittances are rigor-
ously validated against finite element simulations and subse-
quently employed in the calibration of probe measurements
conducted within a lossy biological buffer, such as DMEM,
using an inverted scanning microwave microscope. Results are
useful for calibration of any kind of scanning impedance
microscope and could be also used in domains different than
microscopy, such as fluidic sensors.
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