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The paper discusses the prospects for expanding the sensitivity range of local microwave sensors (resonator
probes, RP) with axial symmetry in diagnostics of small-sized objects, including micro- and nanoelectronics
objects. All the considered methods for increasing the sensitivity of RP with a coaxial measuring aperture
(RPCMA) are based on changing the coefficient of inclusion of the analyzed object in the electromagnetic field of
the resonator. Particular attention is paid to increasing the sensitivity of probes with a submicron tip size for
studying objects with a resolution of the order of nanometers. Models of RP with different designs of the
aperture region are presented. The results of a study of the influence of both the storage and aperture parts of
the RP on the signals of measuring information in various probe designs are presented. It is shown that the
achievable sensitivity in the probes is directly related to the volume of the storage part, which is due to a
change in the unloaded Q-factor of the resonator. The results of a study of small-sized RPCMA are presented.
The prospects of their use for diagnostics of objects with low dielectric losses are discussed.

Quantitative data are presented that characterize the operation of a sensor based on a resonator with
tunable sensitivity, which is ensured by shifting the tip of the probe relative to the aperture. Various operating
modes of such a sensor are studied in detail. The results obtained indicate the presence of high losses in this
design when diagnosing solid objects with low values of the dielectric parameters & and tgs. Also, very
interesting results are presented from a study of the use of a sensor with tunable sensitivity for diagnostics of
liquid or bulk objects with low dielectric parameters ¢ and ¢gé.
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1. INTRODUCTION

Local microwave diagnostics of materials appeared
much earlier than scanning microwave microscopy (SMM)
[1-4]. Historically, due to the achievements obtained in
microwave dielectrometry, SMM not only emerged, but
also began to develop intensively [5-8]. What unites these
two areas is the possibility of applying their theory and
tools to the study of small-sized objects or their fragments.
However, the problems solved in them are sometimes of a
different nature. In local microwave sensorics, it is
necessary to obtain some integral information about the
physical properties of objects. On the contrary, SMM seeks
to increase the locality of the interaction of the probe
sensor with the object. The choice of the locality of
microwave sensorics primarily depends on the subject of
diagnostics. The most common objects of local microwave
diagnostics are physical structures, biological
environments and samples, thin-film materials, layered
structures of solid-state micro- and nanoelectronics. The
range of measured values of ¢ and tgd in the study of such
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structures can be relatively wide, which in turn requires
the development of appropriate tools. For these purposes,
it may be quite acceptable to use microwave sensors
developed for SMM and already well-studied based on
aperture resonator measuring transducers (RMT) with a
coaxial output (tip) [9]. The aim of this work is to
theoretically substantiate the possibility of increasing the
sensitivity of near-field resonator probes (RP) with axial
symmetry for diagnostics of dielectric materials with ultra-
low ¢ and tgo values.

2. DESCRIPTION OF THE OBJECT AND
RESEARCH METHODS

To assess the sensitivity of the RP, their conversion
characteristics are usually used [9-11]. The dependencies
of the main signals of measurement information on the
electrophysical parameters of the object, obtained in the
presence of the tip-sample distance, show how suitable the
sensor 1s in terms of metrological parameters for
diagnosing certain objects.
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In turn, the sensitivity is determined by the coefficient of

inclusion of the object in the microwave field of the resonator.
Quantitatively, this coefficient is determined by the ratio:

J-Vobject (E(r’ 2, &, tg 53 ))2 rdrdzd Q

(B2 tg ) rdrdzd g

(€Y

Integration in the numerator is performed over the
entire volume of the object, and in the denominator — over
the entire volume of the resonator.

The inclusion coefficient contains information reflecting
the influence of various design parameters of the RMT on
its sensitivity. Also, as mentioned in [12-14], this
parameter takes into account the influence of various
interfering factors, such as the distance from the probe to
the object, the shape of the object, the change in the
radiation of the RMT field outside the object, etc. From the
simplest physical considerations, it is obvious that there is
a direct relationship between the inclusion coefficient of
the object in the microwave field of the resonator and the
sensitivity of the sensor. Using the conversion
characteristics of such a coefficient makes it possible to
obtain comprehensive information about the metrological
properties of the sensor. Unlike the conversion
characteristics of fundamental signals, it becomes possible
to estimate not only various losses in the probe-object
system, but also to directly compare the RP in the
dynamics of change of the parameter under study. It is the
use of numerical methods that makes it possible to obtain
such characteristics with a very high convergence of the
results [15]. Theoretical studies in the work were
performed using a numerical method for the
electrodynamic structure of the RP with axial symmetry,
shown in Fig. 1 in different variations of the aperture unit
design. The operating frequency of the quarter-wave RP
was selected in the region of 10 GHz. The intrinsic quality
factor of the RP, not loaded with an object, has a value of
about 2100. Studies were also performed for a small-sized
RP, the quality factor of which was no more than 1300.

The studies were carried out by finding the distribution
of the electromagnetic field, the value of the resonant
frequency and quality factor of the RP, interactive
calculation of the inclusion factor according to formula (1)
from the solution of Maxwell's equations by the finite
element method [15, 16].

Fig. 1 shows the type of RP models calculated in a
software package based on the finite element method and
functionally similar to HFSS or COMSOL Multiphysics.
For a comprehensive sensitivity analysis of the presented
models, the following components of the RP design can be
selected for modification: the resonator storage area, the
aperture width, the connection of the storage and aperture
areas, the tip shape, the degree of tip protrusion beyond
the aperture plane, and also the shielding of the sample in
the presence of radiation in the radial direction in the tip-
sample distance.

Fig. 1 shows: a standard probe (the so-called conical)
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(a), a compact conical (b), a cylindrical (c), a version of a
cylindrical probe with a movable tip system (d), and a
version with a side screen for a sample with ultra-low
dielectric losses (e).

(

T

Microscrew

e

Fig. 1 — Schematic images of RMT with coaxial aperture [14]
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Version (a) is characterized by an acceptable quality
factor and very high measurement sensitivity. Version (b)
is a compact version of version (a), distinguished by
smaller dimensions but, consequently, a low quality factor.
Version (c) also has a low quality factor but presumably
should have high sensitivity due to the fully implemented
connection between the storage region and the aperture in
such a design. Version (d) is designed to operate in a wide
range of sensitivities; the cylindrical design allows for a
several times increase in efficiency when using it for
diagnosing ultra-low values of & and #gd. Option (e) is a
modification of option (d), aimed at reducing radiation
losses through the sample and in the radial direction in
the tip-sample distance with the aim of significantly
improving the metrological properties of the sensor.

3. DESCRIPTION AND ANALYSIS OF THE
RESULTS

As shown in [12-14, 17], some of the parameters
affecting the sensitivity of measurements are the shape
and radius of the probe tip. The field distribution under a
spherical tip is characterized by a quasi-Gaussian
character, and for a tip in the shape of a truncated cone,
the effect of field tubularity is observed. The field extremes
for a conical tip are not under its center, but on the
periphery, as a result, the interaction with the object
becomes much more effective than with a spherical tip.
Fig. 2 shows the characteristics of the transformation of
the fundamental signals of the RMT, as well as the
coefficient of inclusion of the object in the resonator field
depending on the shape and radius of the tip. To study
objects with a resolution of the order of nanometers, the
radius of the tip at the initial point of the characteristics
takes submicron values. The characteristics of the
transformation of the fundamental signal of the resonant
frequency shift are shown in the inset of Fig. 2, (a); since
they completely repeat the type of the signal of the change
in the quality factor, individually they are of no interest for
the problem under consideration.

As it can be seen from the data presented in Fig. 2, the
measurement information signals also increase with
increasing the tip radius. However, when using a conical tip,
we obtain more clearly expressed signals. The explanation of
this phenomenon is presented in Fig. 2, (b). When a RP with
a conical tip interacts with an object, the coefficient of
inclusion of the object under study in the resonator field is
significantly higher. This, as mentioned above, is explained
by the features of the field distribution for such a probe.
Thus, we see that to study materials with low dielectric
losses, a design option based on a tip in the form of a
truncated cone is necessary. Further studies are related to
modeling RP based on just this tip. Also, one of the factors
directly affecting the sensitivity of measurements is the
volume of the storage part of the resonator. The standard
conical resonator was reduced in our studies by 4 times,
while keeping the "quarter-wave" property and geometric
proportions (to avoid significant changes in the structure
under study). The distributions of the electromagnetic field
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in such a probe (a) compared to a full-size one (b) for a
frequency of 10 GHz are shown in Fig. 3.
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Fig. 2 — Characteristics of the transformation of fundamental
signals of the RMT (a) and the coefficient of inclusion of the object in
the resonator field (b) depending on the shape and radius of the tip

|

Fig. 3 — Electromagnetic field diagrams in cone resonators: (a) —
small-sized resonator; (b) — standard resonator
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Fig. 4, (a) shows the characteristics of the fundamental
signal transformation of a conical and small-sized conical
resonator. Fig. 4, (b) shows the characteristics of the
inclusion coefficient transformation of these resonators
depending on the change in the tip radius.
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Fig. 4 — Characteristics of fundamental signal transformation of
conical and small-sized conical resonators

As can be seen from the data presented in Fig. 4, the
decrease in the volume of the storage part of the conical
resonator entailed a significant decrease in the initial
quality factor. However, in this case, it is possible to
observe several times increased signals of measurement
information, as well as a higher achievable inclusion factor
than in a full-volume resonator. A similar design was
studied in [18], but the results obtained were not compared
with the classical quarter-wave RP. Thus, we see that a
change in the volume of the storage part of the resonator
affects the magnitude of the signals from the sensor, but
this change is of a behavior opposite to what should be
expected. The reason is apparently associated with the
degree of inclusion of the object in the resonator field. The
smaller the volume of the storage part of the resonator, the
greater the influence of the object and, consequently, the
greater the shift in the resonant frequency and the signal
response of the sensor, as shown in Fig. 4, (b). A cylindrical
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resonator, despite its low attainable quality factor, can also
be quite effective in solving problems of this kind, and is
expected to be better than a conical one due to the use of a
larger tip size, a larger aperture, and a much better
connection between the storage and aperture parts of the
resonator. The results of the study of such a probe are
shown in Fig. 5.
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Fig. 5 — Characteristics of the transformation of fundamental
signals of various resonators

As 1t can be seen, the reduced cylindrical resonator
surpasses the full-size resonator in signal response. Thus,
we can conclude that the volume of the storage part of the
RP has a rather strong effect on the sensitivity of the RMT
and, therefore, on the measurement information signals.
However, this approach, apparently, can only be applied to
diagnostics of materials with low dielectric losses because
of the very low initial quality factor of the resonator.

A universal sensitivity control technique for all the
RPCMA considered above can be the use of an aperture-
forming region design with a movable tip. This technique is
implemented using a system that shifts the tip relative to
the aperture plane. Technical details on this probe with a
description of the main operating modes are given in [10].
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Fig. 6 — Characteristics of the transformation of fundamental
signals of various resonators

Traditionally, the tip surface is coplanar with the
aperture limited by the outer conductor of the coaxial. The
sensitivity of the RP is interrelated with locality. For
separate control of these two most important diagnostic
characteristics, the specified coplanarity can be abandoned.
Fig. 7 shows the results of modeling the interaction of such a
sensor with an object in two possible variants, when the
consistency of the object allows the tip to be inserted into the
structure, or does not allow it, and the tip must simply be
extended to the surface of the object.

As can be seen from Fig.7, (a), the signals of the
measurement information are not different quantitatively
for the considered configurations. However, we can observe
a completely different picture in Fig. 7, (b). It is evident that
the inclusion coefficient for the case when the tip is
immersed inside a liquid or bulk object is significantly
higher, and the higher the deeper this immersion, in
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contrast to the option of the external location of the tip.
Thus, we can conclude that there are significant radiation
losses in such a configuration. The data presented in Fig. 7,
(b) are quite unexpected, since previously published works
(for example, [17]) claimed an increase in sensitivity with an
external location of the tip relative to the diagnostic object.
Thus, it is evident that the external location of the tip is
very ineffective.  According to general physical
considerations, this problem could be solved by shielding the
sample, like as it was studied in [12]. Fig. 8 shows the
results of the study of the design with shielding. When
diagnosing objects are of solid consistency, this version of
the aperture region should significantly improve the
characteristics of the RMT.
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Fig. 7— Transformation characteristics of the RMT with a shifting
tip: signal of Q-factor changes (a) and inclusion coefficient (b)
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Fig. 8 — Transformation characteristics of the RMT with a
shifting tip: signal of Q-factor changes (a) and inclusion
coefficient when the sample is shielded (b)

As it can be seen from Fig. 8, the presence of a side
screen has a favorable effect on reducing losses in the
radial direction from the probe-sample gap. With complete

REFERENCES

1. L.F.Chen, CK Ong, C.P.Neo, V.K. Varadan, Microwave
Electronics: Measurement and Materials Characterization (John
Willy & Sons: 2004).

2. T.M. Wallis, P.Kabos, Measurement Techniques for Radio
Frequency Nanoelectronics (London: Cambridge University
Press: 2017).

3. Yu.Ye. Gordienko, Yu.l. Good, Yu.V. Popov, Factory laboratory
No 12 (1977).

4. Al Bilotserkivska, I.M. Bondarenko, A.V. Gritsunov,
0.Yu. Babychenko, L.I. Sviderska, A.V.Vasianovych, Ukr. J.
Phys. No 6, 69 (2024).

5. V.V. Kostromin, B.S. Romanov, Cable-news. No 6-7 (2009).

6. R.Ivakh, B.Stadnyk, Dominyuk, Vymiryuvana Tekhnika na
Metrologiya No 24-26, 75 (2014).

7. Yu.Ye. Gordienko, Radio engineering. All-Ukrainian inter.
scientific and technical Sat. No 100 (1996).

8. P.V.Voropaev, A.B.Mitrofanov, V.A.Bidenko, A.V.Zorenko,
News of the National Technical University of Ukraine "KPI"
Seriya - Radotehnika. Radioaparatobuduvannya. No 42, (2010).

9. YuYe. Gordienko, Ya.l. Lepikh, S.V.Dzyadevich, Smart
measuring systems on the base of new-generation microelectronic
sensors (Odessa: Astroprint: 2011).

JJ. NANO- ELECTRON. PHYS. 17, 04007 (2025)

screening, the difference between the external and internal
location of the tip is not so great, and a significant part of
the losses can be eliminated. It follows from the above that
there are many ways to increase the sensitivity of the
RPCMA and they are quite universal. Combining all of
them in one design gives the most effective result.

4. CONCLUSION

The results of the research presented in this article
quantitatively describe the influence of the RMT
geometry on the sensitivity of the RP with axial
symmetry in local microwave diagnostics of nanosized
objects. It follows from those that by choosing the radius
and shape of the tip, as well as its position on the axis of
the coaxial probe, it is possible to significantly adapt the
metrological parameters of the RP for diagnostics of
objects with wultra-low dielectric parameters. The
characteristics of the transformation of the coefficient of
inclusion of the object in the resonator field obtained for
the first time allow establishing several previously
unknown facts:

— When the tip is inserted directly into the object, the
inclusion coefficient is significantly greater than when it
is extended out of the hole in the presence of an air gap at
the tip-sample distance.

— The integral of the squared field over the resonator
is greater if the tip is located outside the object.

— The integral of the squared field over the object is
greater if the tip is located inside the object.

Thus, the interaction of the resonator with the
object is more effective when the tip is extended into
the object (at tgd<1). At small shifts from the
aperture plane, for both diagnostic options, the
inclusion coefficients and the processes occurring in
the probe-sample system are comparable.

10. I.M. Bondarenko, Yu.O. Gordienko, O.Yu. Panchenko, Directions
and problems of microwave research of moisture-containing
materials and structures (FOP Panov A.M., Kharkiv: 2019).

11. LN. Bondarenko, Y.S. Vasiliev, Telecommun. Radio Eng. No 9,
78 (2019).

12. Yu.Ye. Gordienko, I.M. Shcherban, Telecommun. Radio Eng.
No 19, 78 (2019).

13. Yu.Ye. Gordienko, I.M. Shcherban, Telecommun. Radio Eng.
No 9, 79 (2020).

14. Yu.Ye. Gordienko, A.V. Levchenko, A.V. Polishchuk,
AM. Prokaza, .M. Shcherban, Telecommun. Radio Eng. No 18,
76 (2017).

15. A.D. Grigoryev, Methods of computational electrodynamics (M.:
FIZMATLIT: 2012).

16. L. Chang, A.Panchenko, IM. Bondarenko, I. Ibraimov, Mobile
Networks and Applications, No 4, 25 (2020).

17. Yu.Ye. Gordienko, IL.M. Shcherban,
Telecommun. Radio Eng. No 14, 75 (2016).

18. I. Shcherban, O. Trofimenko, XII International scientific-
practical conference “Advancing in research and education”, La
Rochelle, France. (2020).

A.V. Levchenko,

04007-6


https://doi.org/10.15407/ujpe65.6.542
https://doi.org/10.15407/ujpe65.6.542
https://doi.org/10.1615/TelecomRadEng.v75.i13.70
https://doi.org/10.1615/TelecomRadEng.v75.i13.70
https://doi.org/10.1615/TelecomRadEng.v75.i13.70
https://doi.org/10.1615/TelecomRadEng.v78.i9.50
https://doi.org/10.1615/TelecomRadEng.v78.i9.50
https://doi.org/10.1615/TelecomRadEng.v78.i19.70
https://doi.org/10.1615/TelecomRadEng.v78.i19.70
https://doi.org/10.1615/TelecomRadEng.v79.i9.60
https://doi.org/10.1615/TelecomRadEng.v79.i9.60
https://doi.org/10.1615/TelecomRadEng.v76.i18.60
https://doi.org/10.1615/TelecomRadEng.v76.i18.60
https://doi.org/10.1615/TelecomRadEng.v75.i14.70
https://doi.org/10.46299/ISG.2020.II.XII
https://doi.org/10.46299/ISG.2020.II.XII
https://doi.org/10.46299/ISG.2020.II.XII

ON INCREASING THE SENSITIVITY OF A RESONATOR PROBE... JJ. NANO- ELECTRON. PHYS. 17, 04007 (2025)

IIpo migBHUIEHHS IyTJIMBOCTI PE30HATOPHOIO 30HIAa 3 OCHOBOIO CMETPI€I0 B JIOKAJIbHIN
MiKPOXBUJIBOBIiH JiarHOCTUII HAHOPO3MipHUX 00'€KTIiB

I.M. Illep6aus, O.B. I'puityHos

XapriscbKuil HAQUIOHAILHUL YHI8epcumem paodioeniekmporiku, 61166 Xapkis, Yipaina

VY crarri posrssiganThCs IMEPCIIeKTUBH POSIIMPEHHSI JIala3oHy YyTJIMBOCTI JIOKAJIBHUX MIKPOXBUJIBOBUX
CEHCOPIB (Pe3oHaTOPHUX 30H/IB, P3) 3 0CHOBOIO CHMETPi€l0 B JIATHOCTHUII MAJIOPO3MIPHHX 00'€KTIB, BKJIOYAIOUN
00'€eKTH MIKpPO- Ta HAHOEJEKTPOHIKU. YCi pPO3IJIAHYTI METOAM INABHUINEeHHs dyTiauBocTi P3 3 KoakciaibHOO
suMipoBasbHOW ameprypoio (P3KBA) Gasyoreesa Ha amimi KoedillieHTa BKJIIOUEHHS aHAJI30BAHOTO 00'€KTa B
€JIEKTpOMATrHiTHe Tosie pe3oHaTopa. (OcobiamBa yBara MPUIUISETHCS IMNABUINEHHIO YyTJUBOCTI 30HIIB 3
CyOMIKPOHHUM PO3MIPOM KIHYHKA JJIS JOCTIIKEHHS 00'€KTIB 3 PO3ILIBHOI 3JTATHICTIO TOPSIKY HAHOMETPIB.
IlpencraBneno wmomemi P3 3 pisamMum  KOHCTpyKINiaMu obsacti ameprypu. IlpencraBiieHo pesysbraTé
IOCITIPKEHHsT BIUIMBY SK 3alaM'ATOBYIOUOi, TAaK 1 amepTypHOi vactuH P3 HaA CUTHAJIM BUMIPIOBAJIBHOL
iHQopMaIii B PI3HHUX KOHCTPYKITAX 30HTIB. [lokasaHo, IO JOCAKHA UYTJIUBICTE Y 30HIAX 0E3IOCEPeHBO
moB's;3aHa 3 00'€eMOM  3amaM'siTOBYIOYOl YACTMHH, II0 3YMOBJIEHO 3MIHOK HEHABAHTAYKEHOI J100POTHOCTL
pesonaropa. IIpencrasieno pesyiabrat gocaimreHHs Masiopoamipaoro PSKBA. O6GroBopooThes mepCIeKTHBH
IX BUKOPUCTAHHS JJIsI J1arHOCTUKU 00'€KTIB 3 HU3bKUMH J[1€JIEKTPUIHUMU BTPATAMU.

Hasemeno xinbkicHI maHi, IO XapaKTepU3yIOTh POOOTY AATYMKA HA OCHOBI Pe30HATOpPA 3 HACTPOIBAHOIO
YyTJIMBICTIO, KA 3a0e3Ieduyerbes 3MIMeHHIM KIHYMKA 30HA BIIHOCHO amepTypu. JleTaJabHO JOCTIIsKeHo pisHi
pexxnMu pobotu Takoro narumka. OTpuMmani pe3ysbraTH BKA3ylTh HA HASBHICTH BHCOKUX BTpAT y It
KOHCTPYKIIII IIPX JIarHOCTHUIN TBEPAUX O0'€KTIB 3 HU3bKUMU 3HAYCHHSIMH JieJIEKTPUYHUX IapaMeTpiB € Ta tgd.
Takosx 1mpeacraBieHl OQyse I[KAaBl pe3yJIbTAaTH OCHIIMKEHHs BHKOPHCTAHHSA ITATYMKA 3 HACTPOIOBAHOIO
YYTIJIMBICTIO IS TIATHOCTUKH PITKKUX a00 CHUIIyYrX 00'€KTIB 3 HUSHKUMU JI1eJIEKTPUIHUME IIapaMeTpaMu € Ta tgo.

Knrouori ciopa: PesoHaTtopHHiI BUMIpIOBaJIbHHUI IIepeTBOpIOBaY, MIKpOXBUIBOBHI AATYHK, BincraHe Mix
BicTpsiM Ta 3paskoM, Koedimient Briaouenss, JliemekTpuuna mpoHuKHICTh, PesonancHa uacrora, KoediiienT
sIKOCT1, XapaKTepUCTHUKY IIepeTBOpeHHsI, BucyBHuil 3011,

04007-7



