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ABSTRACT In this article, a method of illustrating the electromagnetic properties of liquid specimens
is proposed by our homemade near-field scanning microwave microscopy (NSMM). By introducing the
fundamental theorem of NSMM and conducting a simulation on the configuration of the whole system,
parameters including quality factor and resonant frequency in electrolyte liquid specimen vary with types
of the solution as well as their concentration. By conducting the line scanning testing method, the relation
of concentration of a specified solution concerning its corresponding electromagnetic properties is clarified.
Eventually, yeast cells are tested at living or dead status with point scanning and line scanning separately.
The NSMM experiment results exhibit a substantial capacity for biologic samples in a liquid environment.

INDEX TERMS Near-field microwave, electrolyte solution, yeast cells.

I. INTRODUCTION

With the development in the physic, chemistry, electronics,
and biology field, there is a need to research the micro-
scopic world. Different from the optical characterization,
electromagnetic properties can also be discovered, avoiding
the Abbe diffraction limit. That limits disable the optical
microscope’s resolution to explore the nano-range object. In
1928 and 1962, Synge and Soohoo demonstrated a method
to utilize the microwave to interact with the complex per-
mittivity, and the local conductivity of the specimen can also
be deduced [1]-[3]. The technology of scanning microwave
microscopy (SMM) has a breakthrough [4], and so has the
NSMM system, which has already been explored with the
potential to electronic industries [5], [6].

In microelectronic systems, the NSMM system also can be
used in the application of carbon nanotube identification [5],
buried conducting structure [7], [8], measuring the permittiv-
ity and loss of high-loss materials [9], and is also a common
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way to image two-dimensional device characterization [5],
[6]. The research on bulk semiconductors about capacitance
spectroscopy calibration and dopant profiling measurements
indicated the potential application of NSMM in the analy-
sis of property and failure in semiconductor devices [10].
The experiments on two-dimensional materials like GaN and
other relevant devices [11]-[13] underscore that NSMM is
capable to image the structure of materials and identifying
structural defects. The phenomenon including microscopic
phase separation and metal-insulator phase transitions about
phase-change materials [14], [15] is also observed by NSMM.

Since microwave detection has a relatively higher sensi-
tivity and the properties of non-destructive detection, it is
appealing to the field of electrochemistry [16]-[18], biolog-
ical [19]-[21], food industries, and medical industries [22],
[23]. Especially in the study of medical imaging, it has
attracted great interest during the past twenty years, since
it has a significant capacity for the detecting abnormal tis-
sue of the human body like malignant tissue, and the fre-
quencies range of the electromagnetic is around 500 MHz
to 10 GHz [24]-[28]. In 2004, Kim et al. [8] and other
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researchers successfully exploited NSMM fitted with the
hybrid tip to obtain high contrast image of lambda phage
DNA. The result indicated that NSMM using a hybrid tip
has the potential to perform high contrast images for low
sensitive and uneven materials. In 2012, Farina et al. [20] and
his research team explored the structure of C,Cl muscle cells
combined with multi-walled carbon nanotubes by utilizing
the tomographic capability of NSMM. The outcome imaging
highlighted the incorporation of carbon nanotubes into fibres
grown inside muscle cells, which indicated the possibility of
applying NSMM in tomographic imaging of cells. In 2016,
time-gated broad NSMM was applied to detect fullerene
inside breast cancer cells by measuring relevant electromag-
netic quantities across the cells’ surface [29]. The experi-
mental results showed the reduction of microwave reflection,
SCM signal contrast and the increase of surface roughness
about fullerene treated cancer cells. This research sheds new
light on the correlation between fullerene contented in cells
and microwave imaging. And a typical environment for these
industries is that the liquid environment is inevitable. In this
scenario, the non-invading imaging method is essential to a
certain degree, and the response of the electrolyte is needed
further study. The following content focus on the experiment
of the liquid specimen, other investigations about the yeast
cell is illustrated in this article as well.

In this paper, we present further research about the appli-
cation for the liquid environment, especially for KCl solution
which is a common biological-related solution by near-field
microwave microscopy. Analysis for the quality factor (Q)
and central resonating frequency (f;) for KCI specimen in
the capillary are finished by line scanning. Finally, the yeast
cell specimen is tested and verified, which can verify the
substantial application of our homemade system in the field
of biology and medical industries. The remaining section of
the paper is organized as follows: In section II, methodology
of the proposed model is discussed in detail, experiments are
conducted and analyzed in section III, and section IV is the
conclusion.

Il. METHODS AND ANALYSIS

A. THEORETICAL BACKGROUND

The crucial part of the system is the perturbation method,
which clarifies that the resonation properties could be inter-
fered with by the vicinity environment.

For a specific resonator which in our configuration is made
of copper and is a cylindrical co-axial resonator, together
with the tips, parameters like v (Volume) gp (Permittivity)
o (Permeability) Eqy (Electric field intensity) Hp (magnetic
field intensity) wq (central resonating angular velocity) are
determined. When a tested sample is placed beneath the tip
of the resonator, parameters of material one and material
two results in the offset centre frequency of the resonator.
According to the Maxwell equation and divergence theorem,
the change of centre frequency is introduced as follows in (1),
as shown at the bottom of the next page.
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FIGURE 1. Simulated electric field distribution.

By comparing the specific parameters between the experi-
mental group and the blank control group, minor disturbances
caused by the specimen that would lead to errors can be
analyzed separately, while combined with simulation, the
electromagnetic properties can also be determined in value.

Since the specimen is in the type of liquid instead of the
magnetic material, it can then be assumed that u; = pu,
as shown in (2).

w—o; [, [E1Ej (&1 —0)] dv )
ws [, (HoH § 110 + EoEg o) dv

Therefore, it can be assumed that the change of the res-
onation frequency can have a linear relationship with the
permittivity of the specimen, so as the power loss of the equiv-
alent resistance for the whole system. When the conductivity
of the specimen increases linearly, the reciprocal of Q could
also increase concerning the conductivity. The Egyre is the
energy stored in the resonator, and Q is the quality factor that
can be captured by the VNA and expressed in (3).

Eotal

Q ¢ Pioss ©)

As for simulation, COMSOL™ is used as the software,
which is a multi-physics field simulation software. The model
in the research of the NSMM system of the COMSOL is com-
posed of four parts, the tips of the resonator, the air medium,
the glass plate, and the specimen under test, which is shown
in Fig.1, illustrating the electric field distribution, indicating
that the electric field exists in the vicinity of the apex. The
narrower the tip is, the more concentrated the electric field
of the tip will be. That is also the reason why when a higher
resolution is required, the tip needs to be tinier, and the size
of the tip should be larger, then the result could be relatively
stable. It can also be found that the electric field can penetrate
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FIGURE 2. Power loss results from different tip-sample distances.

the capsulation of the specimen, enabling non-destructive
detection of certain specimens, like the microfluidic chip or
other biological specimens. Since electric field characteris-
tics for various samples can be simulated through parameter
scanning, physical quantities associated with and Q of cavity
resonator f, can be predicted according to simulation results.
This beforehand simulation is practical for further research
on the electric properties of liquid samples when a vector
network analyzer is utilized to detect physical quantities.

Further exploration of other properties of the NSMM sys-
tem is exhibited in Fig. 2. Py, is composed of serval parts of
the system, which can be illustrated in (4).

Pioss = Peay + P tip + Presist 4

where P, is the power loss in the resonant cavity walls
(which can be omitted), Py;, is power loss in the form of radi-
ation due to tip-sample interaction, and Pj,gis 1S power loss
due to the resistive heating of the sample in the simulation,
Piogs = Piip + Presist since Py, is relatively small which can
be omitted.

It is reasonable to infer the relationship between the Py,
for tip-sample distance and the thickness of the liquid spec-
imen. It suggests that when the thickness of the common
liquid sample t is over 200 pum, the scanning microwave
generated by the VNA can be absorbed totally, and no more
electromagnetic properties beneath the specimen could be
discovered. As for the gap between the tip sample distance,
it is found that for an apex with a radius of 50 pm, the range
of space that the probe can detect is about 100 um. With a
larger size, the electric field will be less concentrated, and
the detection range for the tips will be wider.
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FIGURE 3. Schematic and (b) photo of the NSMM experimental setup.

B. EXPERIMENTAL CONFIGURATION

The NSMM experimental setup shown in Fig. 3 (a) and
Fig. 3 (b) is composed of four parts. A charge-coupled
device (CCD) camera with a displayer, structure and control
system, resonator combined with a tip-shaped probe, and a
Vector Network Analyzer (VNA).

The CCD with a displayer is used to monitor the tip-
sample distance and the position of the probe, indicating to
what extent the motor stage can be adjusted. The structure
and control system are set up as a platform to carry out
the experiment, which covers a bracket (to fix the resonant
tank), an x-y-z motor stage, an air cushion vibration isola-
tion optical table and the manipulated laptop (to control the
movement of the motor stage through LabView™2018). The
chosen resonator is a A/4 coaxial gliding one connected with
a hyperfine copper probe with a size of about 10um. Com-
pared with other types of resonators like planar resonators
[31], [32], our homemade A/4 coaxial cylindrical resonator
together with x-y-z motor stage shows the ability to obtain
three-dimensional images of electromagnetic properties of

L1 [E1Eg (61 — €0) + HiH (1 — o) dv

w; [oy (HiH§ o + ExEgeo) dv + [, (H2H § o + E2Eje0)dv
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TABLE 1. Comparation among different resonators.

Planar Reflective Planar Microwave

Setup NSMM Sensor [31] Sensor [32]

Metamaterial
planar sensor

5.0-7.0 GHz

Complementary
split ring resonator

2.0-3.0 GHz

Coaxial cylindrical
resonator

2.0-2.5GHz

Imaging, 2pm spatial
resolution [30]

Description
Frequency
Advance

High sensitivity ~ High sensitivity

the specimen with higher resolution. Its spatial resolution can
achieve 2 um [30]. The specific comparation among them is
shown in Table 1.

Through the lines, the resonator is connected to a vector
network analyzer (VNA, Agilent Technologies ES062A).

To explore the NSMM on liquid, scanning samples are
required to be determined as well.

Before the beginning of the experiment, the specimen was
prepared. Deionized water with a volume of 100mL is taken
to prepare the solution in a specific concentration are held
ina 10.0 x 10.0 x 1.0 mm groove to do the scanning. With
the deionized water acting as a blank control, MgCl,, CaCl,
and KCl solutions are chosen as the target scanning samples,
because Kt, Mg+ and Ca®* cover most of the positive ions’
percentage in the cell gap. Their detailed concentrations of
them are shown in the attachment. Since the previous study
has already conducted research about NSMM on plant scan-
ning as the leaves, therefore, a typical and common biological
material-yeast cell is introduced in the further experiment in
our study.

There are several types of scanning methods in our NSMM
setup: point scanning, line scanning and so on. Examples of
those three methods are shown in Fig. 4 (a)-(c).

For point scanning, the first step is that stage goes up
and down in z-direction but fixed at a specific x-y position,
and then the response changes that would be detected by
VNA as the tip-sample distance varies, which can also be
indicated by the simulation result from Fig. 2. As it can be
seen in Fig. 5 (a)-(c), initially, when the probe tip gradually
approaches the specimen, a relatively stable quality factor
Q can be observed even the distance changes, and this is
called soft contact. During the point scanning, the soft contact
is essential for the point scanning because the Q and other
parameters obtained by the VNA would be vastly influenced
by the tip-sample distance. The main purpose of defining the
soft contact is to make sure that the tip-sample distance is
fixed while the coordinate recorded by the piezo x-y-z motor
stage is varying so that when the tip leaves the specimen the
tip-sample distance can still be identified by subtracting the
coordinate of ’turning point’ from the recorded coordinate
of the indicated point. During this stage, a moderate vertical
movement of the stage in height will cause no change to the
sample’s response because the spring inside the resonator can
be pressed. Finally, the experimental result is obtained and
analyzed.
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()

FIGURE 4. Scanning process includes (a) point scanning, (b) line scanning
and (c) surface scanning.

For line scanning, the motor stage is fixed in the
z-direction, and then the response information alone x or y
direction (a line) is collected.
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FIGURE 5. Results of the point scanning. Change of Q versus z-direction displacement when the testing liquid is (a) MgCl,, (b) KCl and (c) CaCl,.
Change of f; versus z-direction displacement when the testing liquid is (d) MgCl,, (e) KCl and (f) CaCl,.

Ill. RESULTS AND ANALYSIS distance for soft contact is from O ym to around 5 ym, and the
In the first stage, we did the point scanning on MgCl,, KCI1 values of Q and f; are affected by the types of the solution as
and CaClj; solution of 4 or 5 increasing concentrations, whose well as the concentrations of the solution. It demonstrates that
value is from 0.0 mol/L (deionized water) to 1.0 mol/L or Q would increase as the tip-sample distance increases as the
2.0 mol/L, and the response including the quality factor (Q) concentration remains fixed, or the concentration decreases
and the bias of the resonator frequency (f;) to tip-sample dis- as the tip-sample distance remains invariant. On the contrary,
tances were collected as shown in Fig. 5 (a)-(f). Generally, the f+ decreases either for the increasing tip-sample distance or
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the decreasing concentration. In the aspect of the types of the
solution, MgCl, and CaCl, have a relatively closer value of
Q and f, compared with KCI, probably because Mg>t and
Ca”* are both divalent cations and have similar features.

Results of the point scanning. Change of Q versus
z-direction displacement when the testing liquid is (a) MgCly,
(b) KCI and (c) CaCl,. Change of f; versus z-direction dis-
placement when the testing liquid is (d) MgCl,, (e) KCI and
(f) CaCly.

It can be concluded that NSMM is sensible to detect elec-
tromagnetic discrepancies of different types and molarities of
saline-solution specimens under a coverslip. To be more spe-
cific, both Q curves and f; curves differ in various solutions
and various concentrations of a given solution because factors
such as conductivity and permittivity are different.

In the second stage, the probe tip is placed at a fixed dis-
tance above the KCl solution sample to do the line scanning.
Fig. 5 (a) - (¢) is a curve of the scanning result-quality factor
(Q) and Fig. 5 (d) - (f) is the change of the resonator frequency
(Af;) for serval different types of solutions in different molar-
ities. The central resonate frequency with the specimen com-
pared with its no-load state. The frequency variation can help
adjust the tip-sample distance to an appropriate distance [30],
and it has potential application in other soft materials like bio-
logical cells [33]. Each concave in these figures represents the
samples of specific molarities as solutions of different molar-
ities have different electromagnetic parameters. It is shown
that the higher concentrations are, the stronger the conductive
ability it will have, and the more power dissipation would
produce by the total equivalent resistance, then the lower Q
VNA could acquire. However, there is no obvious variety
regulation for f, as the concentration varies in decreasing
order. After extracting concaves from line-scanning graphs
of KCl in a fixed concentration gradient, Q is exhibited in
Fig. 6 (c). By presenting the processed sunken range of Q,
this graph illustrates that higher concentration would lead to
smaller values of Q. Thus, the same solutions in different
concentrations could be recognized. To better visualize this
regularity, Fig. 6 (d) that shows the change ratio of both
QO and f; is plotted, which is calculated by (Qp — Q) /Qo
and (f .o — f)/fro, where Qp and f,o are the corresponding
parameters of the resonator itself, and this value has a strong
relationship with permittivity. O and f, are the measured
result for Q and resonant frequency. Q grows linearly by the
rise of the concentration while there is only slight or even no
increment of f, as the concentration increases.

As KT is one of the most common ions existing in the cell
sap, the previous experimental result is therefore extended to
the biological specimen, the yeast cells. There are two kinds
of the specimen, the living yeast cell in its corresponding
nutrient solution, as for reference, another group is processed
at high temperature to make sure its death. In the experiment
results shown in Fig. 7 (a) and (b), the living yeast cell is
condensed under the covering glass (0.1mm), enabling us to
make sure that there will always be living yeast cells directly
under the tips, and another specimen is the dead yeast cells.
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FIGURE 6. Results of the line scanning. (a) Change of Q for KCI.
(b) Change of f; for KCI. (c) Change of Q with different concentrations.
(d) Compared rate of Q and f; versus concentration of the tested sample.

The Q result is illustrated in Fig. 7 (a), which demonstrates
that there is slight but distinguished Q curves for the yeast
cell and the reference group. And from this graph, it could
also be found that the imaging of the yeast cell must be close
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FIGURE 7. Results of yeast cell scanning. Difference of (a) Q and (b) f;
versus Z-direction displacement between specimens with alive and dead
yeast cells.

enough to the specimen, especially when there is a covering
material like silica glass. The different Q also illustrates the
penetrating ability of our system that helps to do further
research on the encapsulated microfluidic chips, as it also
has a covering material. However, as indicated in Fig. 7 (b),
the central resonating frequency can hardly be distinguished,
therefore, the further experiment for these kinds of biological
material had better focus on the quality factor or the phase
angle collected by the VNA.

To further research on the Q and f; of yeast and do the com-
parison with the no-load test, line scanning is carried out with
evenly distributed gaps among groups of yeasts on the glass
slide, with the result shown in Fig. 8. During this process, the
dried yeasts are set on the glass slide, with several no-load
lines evenly distributed. As discussed above, the Q of yeast is
lower than that of air (no load), thus, in Fig. 8, there are several
bulges of Q-value and Sy;-value, representing the no-load
area. f, curve is not plotted because Fig. 7 (b) demonstrates
that there is no evident difference between the yeast and the
no-load sample. Fig. 8 (a) and Fig. 8 (b) have a similar varying
tendency, but it is obvious that Fig. 8 (a) has more noise,
indicating that SNR of Q is lower than that of S;;, therefore,
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S21 could better act as the distinguishing method. With these
periodic waves detected by the VNA, the conclusion could be
drawn that signals are successfully extracted.

IV. CONCLUSION

In conclusion, further research about the non-destructive,
non-invasive and penetrative properties is illustrated by the
experiment of the KCI specimen held in the capillaries. The
electrolyte liquid specimen in the micro-pipe system is tested
with line scanning which can prepare for NSMM imaging of
the microfluidic chip specimen. Finally, we apply the NSMM
system to biological specimens, with different statuses of liv-
ing or death and the potential capability of our system to test
the related properties of the biological material, which might
be the fundamental for the further experiment for the single-
cell detection or research of the imaging for the microfluidic
chips.
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