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The work focuses on detailing the distribution of the near evanescent field depending on the geometry of
the aperture-forming region, the electrical properties of the objects under study, and assessing methods for
scanning the properties of objects in depth. The results of a study of the electrodynamic properties of reso-
nator probes with a coaxial aperture, developed for local microwave diagnostics of various objects, are pre-
sented. In particular, the influence of the size and shape of the tip and the tip-sample distance on the field
distribution of a classical quarter-wave resonator measuring transducer is analyzed. Quantitative depend-
encies are presented that comprehensively characterize the probe-object system in terms of locality and sen-
sitivity. Various options for changing the geometry of the probe aperture assembly are discussed to optimize
the conversion characteristics of microwave sensors. The results of a study of the field distribution of a probe
with tunable sensitivity by changing the position of the tip tip relative to the aperture plane are presented.
The dependence of the field distribution on the tip displacement in such a probe has been established. Vari-
ous variations of the operating modes of a probe with tunable sensitivity were studied: immersion of the tip
into the probe aperture, extension of the tip into the interior of the object, extension of the probe tip from the
aperture to the surface of the object.
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1. INTRODUCTION

The spatial distribution of the electromagnetic field of
scanning probes plays a decisive role in the operational
capabilities of Scanning Microwave Microscopy (SMM). In
this area, the greatest practical success has been achieved
using near-field resonator probes with a coaxial aperture
[1, 2]. However, their capabilities have not yet been fully
studied, especially in SMM functional devices of nanoe-
lectronics, biophysics and nanophysics.

The main feature of local microwave diagnostics is the
near-field nature of the interaction of the microwave sensor
with an object or its fragment [1-3]. The determining factor
in diagnosing the objects under study in nanotechnology is
the resolution of the diagnostic tool themselve. The spatial
resolution (SR) that can be obtained using microwave
probes allows the SMM to occupy a leading position in this
field. However, the electrodynamics of processes in nano-
sized structures has its own characteristics that must be
taken into account [4].

The electromagnetic field that arises in the volume
of the resonator and then exits through a subwavelength
aperture is called evanescent in foreign literature [3].
This type of energy includes electromagnetic fields that
quickly decay or decrease according to an exponential
law. The study of the distribution of the electromagnetic
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field, as well as its changes under the influence of vari-
ous factors, is the main task when analyzing the electro-
dynamic properties of resonator measuring transducers
(RMT). The importance of solving this kind of problem is
due to the fact that it is the electrodynamic properties of
the RMT that determine the type of transformation
characteristics of resonator probes (RP) [5]. The study of
the distribution of the evanescent field is theoretical,
since in practice we deal only with signals in their pure
form, which are determined not only by the properties of
the object, but also by the electrodynamic properties of
the RMT. The first successful attempts to model the pro-
cesses of interaction between a probe and an object using
analytical models include works [6, 7]. However, it
should be noted that the existing theoretical models, de-
spite the cumbersomeness of their analytical descrip-
tion, as well as the complexity of calculations, are ex-
tremely inaccurate and idealized. Therefore, the distri-
bution of the field in a quantitative representation has
practically not been studied.

The purpose of the work is to study the electrody-
namic properties of resonator probes by establishing
theoretical dependencies of the field distribution in their
aperture part.
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2. DESCRIPTION OF THE OBJECT AND RE-
SEARCH METHODS

The studies are carried out for a fairly general probe
structure, shown in Fig. 1.

The tip of the probe is designed in the shape of a
truncated cone and a sphere. In the main part of the
research, it is the spherical model of the tip that is
used, due to the more localized nature of the interac-
tion with the object, as well as the more adequate phys-
ics of the model [8].

Fig. 1 — Schematic representation of a quarter-wave RP (a);
schematic representation of the probe aperture assembly (b)

Attempts to theoretically study the probe model pre-
sented in Fig. 1 using a numerical-analytical method us-
ing [6, 7] convinced us that the approach is labor-inten-
sive and not highly accurate. Earlier studies using the
direct numerical method showed problems associated
with the rather long process of solving modeling prob-
lems. In this work, high-performance packages similar
to the latest versions of HFSS and Comsol were used.
The effectiveness of their use is shown in the example of

[9].

3. DESCRIPTION AND ANALYSIS OF THE RE-
SULTS

Based on the results of many studies, we have come
to the conclusion that it is the geometry of the aperture-
forming region (I) that almost unambiguously deter-
mines the spatial distribution of the probing microwave
field in the object, while the storage region of the reso-
nator (II) has virtually no effect on the degree of sagging
of the electromagnetic field. The electrodynamic proper-
ties and structure of the object affect the probing depth
almost only within the limits of the existence of evanes-
cent field distribution. This is clearly demonstrated by
the dependencies presented in Fig. 2.

As practice has shown, the sensing depth is also af-
fected by the presence of an air gap between the probe
and the object [10]. Thus, we come to the conclusion that
only the geometry of the aperture node affects the distri-
bution of the evanescent field. And various changes in
the geometry of the aperture node have a significant im-
pact on the field distribution. Therefore, further we fo-
cus our attention on studying the geometry of the aper-
ture-forming region of the probe.

In Fig. 3 shows the field distribution depending on
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the size and shape of the tip, obtained by solving Max-
well's system of equations using the finite element
method (FEM). These solutions were found using stand-
ard packages based on the FEM [9]. All studies were car-
ried out for an operating frequency of 10 GHz and an
object with tg6=0.1, £=11.7.
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Fig. 2 — Field distribution over the surface (a) and depth (b)
depending on the electrodynamic parameters of the object

From the given dependences it is clear that when us-
ing a spherical tip, the field strength is maximum under
its center, and the nature of the dependence is quasi-
Gaussian. The absolute opposite is the results obtained
when using a truncated cone-shaped tip. As can be seen
from the figure, there are two extrema, and their maxima
are located on the periphery, the so-called tubularity of
the field occurs. For both versions of the tip, it is charac-
teristic that as the radius of the tip increases, the field
strength decreases, the so-called lightning rod effect.
However, upon a detailed examination of the presented
dependences, one can see that as the radius of the tip in-
creases, the steepness of the decline in field strength be-
comes less strong, and the nature of the decline smoothly
passes from exponential to quasi-linear.

Also, factors influencing the geometry of the aperture
unit include the tip-sample distance. The influence of the
distance between the tip and the object on the response of
measuring signals has been shown in many works on
SMM [11-13]. However, the influence of the tip-sample
distance on the field distribution was not fully considered,
but only fragmentarily in a few works [6, 7]. Fig. 4 shows
the field distribution of an aperture coaxial probe with a
spherical tip depending on the tip-sample distance.
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Fig. 3 — Field distribution over the surface (a) and depth (b) at
different R1t for spherical and conical tip shapes
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Fig. 4 — Field distribution over depth at different values of the
tip-sample distance

From the presented dependencies, it is first of all clear
that the presence of the tip-sample air distance signifi-
cantly reduces the magnitude of the field strength in the
object. This leads to a decrease in the sensitivity of the
sensor and a decrease in the amplitude of the measure-
ment information signals. As mentioned in our work [14],
the tip-sample distance can be used as a tool for changing
the sensitivity of the sensor. But, since its value is often
determined by fairly approximate methods, the results
obtained turn out to be very poorly reproducible. It should
also be noted the phenomenon of delocalization of the elec-
tromagnetic field with increasing tip-sample distance, the
results are shown in Fig. 5 [2].
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Fig. 5 — Diagrams of field distribution in the absence of a tip-
sample distance (a) and with a tip-sample distance of 1 pm (b)

The greatest influence of the air gap between the tip
of the probe and the sample is achieved when using
probes with submicron tip sizes. The research results
are shown in Fig. 6.
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Fig. 6 — Field distribution in depth for different values of the
tip radius without tip-sample distance a) and b) with small
tip-sample distance
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As you can see, in the contact mode the so-called light-
ning rod effect. With a small air gap, for probes of small
radii, this effect ceases to occur. In practice, this can cre-
ate serious difficulties in diagnosing nano-sized struc-
tures, since the tip of the probe is submicron in size. A
solution to this problem can be the use of probes with
R1t > 10 um or the use of proven schemes for controlling
the cantilever-sample distance for AFM and STM [15, 16].

An alternative to the tip-sample distance, as a tool for
expanding the sensitivity of the probe, as shown in our
works, can be a resonator with a displaced tip relative to
the aperture plane [14, 17]. The range of measurement of
electrophysical parameters of objects of classical quarter-
wave RMT is within the limits e: 1-15, tgé: 0.001-0.1. The
use of a RP with a retractable probe-forming central con-
ductor makes it possible to measure ¢ in the range of 1-
60, and tgdfrom 0.001 to 2. A schematic representation of
such a probe with possible operating modes is shown in
Fig. 8. As shown in our works [14, 17, 18], the most effec-
tive range of change in the position of the tip tip is limited
primarily by the sensitivity of the sensor and is of the or-
der of several values of the tip radius both when extend-
ing from the resonator and when immersed in it. How-
ever, as shown in [19], when the tip of the probe extends
beyond the aperture plane by an amount exceeding ten
times or more the value of R1t, the sensor begins to radi-
ate and switches to the monopole antenna mode. Dia-
grams of this phenomenon were obtained during model-
ing of the probe-object system using the FEM and are pre-
sented in Fig. 7.

Fig. 7— Diagrams of field distribution when the tip of the probe
is immersed in an object to a depth Hp >> R1t

Fig. 9 shows the field distribution over the depth
of such a probe at different positions of the tip relative
to the aperture.

From the presented dependencies it is clear that the
maximum achievable field strength for a spherical tip is
maintained under the center and strongly depends on
the position of the tip. As expected, when the tip extends
into the object under study, the field strength increases,
and when immersed in the resonator it decreases. How-
ever, as you can see, the field strength for the classical
coplanar location of the tip is still higher than for other
displacement variations, but only on the surface of the
object. A similar picture is observed when the radius of
the probe tip decreases. Apparently, the evanescence of
the field deteriorates not only with increasing tip radius,
but also with departure from coplanarity in such a
probe.
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Fig. 8 — Schematic representation of a RMT with a movable tip
(a) and main operating modes of the probe (b)
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Fig. 9 — Field distribution along the depth of a tunable RP for
different positions of the tip relative to the aperture

The probe in question can also be used in the diag-
nostics of nano-objects. However, to increase the sensi-
tivity of the RMT, if necessary, moving the tip into the
inside of the object will not work for obvious reasons. A
suitable option may be to extend the tip of the central
core of the coax beyond the aperture so that the tip is in
contact with the object or with a small gap, as shown in
Fig. 8 [14]. This is also one of the possible operating
modes of the sensor in question. Quantitative results of
studying nanostructured porous silicon are presented in
Fig. 10. However, it is necessary to take into account in
this case the significantly increased radiation losses in
the radial line at the tip-sample distance.
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Fig. 10 — Field distribution along the depth of a tunable RP
when the probe tip extends to the surface of the object

As can be seen from the results presented in the fig-
ure, it is not possible to achieve a significant increase in
sensitivity in this way. Upon closer examination of the in-
set to Fig. 10, one can notice that the degree of protrusion
of the tip still affects the magnitude of the field strength
within the limits of its evanescence. However, this is not
enough to consider this option of increasing the sensitiv-
ity of the sensor for studying this kind of objects appropri-
ate. Apparently, radiation losses with such a design
change, combined with the rather small dimensions of the
probe, greatly distort the picture.
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EnexTrpogunamidHi B1acTUBOCTI pe30HATOPHUX 30HIIB AJId JIOKAJIBHOI
HBY pgiarHocTuku HaHOEJIEKTPOHHUX 00'€KTIiB

0.10. Babuuenko, 10.C. Bacunses, B.I1. Kapuaymenxo, M.1. ITaraiikiaga, I.M. Illep6ans

Xapriscorull HauloHALHUT YHI8epcumem paodioesiekmporiku, np. Hayru, 14, 61166 Xapkis, Yikpaina

Y pob6oTi 0CHOBHY yBary MIPHIIJIEHO JeTaTI3aIli PO3MoIIy OJHKHBOTO €BAHECIEHTHOTO OIS 3aJIeSKHO
BiJT TeoMeTpii amepTypPHO-YTBOPIOUO01 00J1aCT1, JIeKTPORISHIHNX BIACTHBOCTEH 00'€KTIB, II10 JOCTIIKYIOTHCS,
Ta OL[IHKY IIPUMOMIB CKAHYBAHHS BJIACTUBOCTEH 00'¢KTIB mo rimbwHi. HaBemeHo pesyJsibTaTvl JOCIIIyKEHHS
€JIEKTPOJMHAMIYHUX BJIACTUBOCTEHM PE30HATOPHUX 30H/IB 3 KOAKCIAIBHOI0 AllePTYPOI0, PO3POOJIEHUX IJIs JIO-
rasprol HBY miarmocTukm pisumx 06'ekTiB. 30KpeMa, aHAII3yeThCs BILJIMB PO3Mipy Ta (opmu BicTpsi, Bijc-
TaHI BICTPSI-3pa30K HA PO3IOJILII IIOJISI KJIACHYHOI'O YBEPTHXBUJILOBOI'O BUMIPIOBAJIBHOIO PE30HATOPHOIO IIepe-
TBOpoBaYa. HaBoasaThCS KIJIBKICHI 3aJIEKHOCTI, 10 BCEOIYHO XapaKTePU3YIOTh CHUCTEMY 30HI-00'€KT II0 JIO-
KaJIbHOCTI Ta uyTauBocTi. OOroBOpIOITHCA PisHI BapiaHTH 3MIHHM MeOMeTpil almepTypHOro By3Jia 30HIIB IS
onTuMisaliii xapakrepructuk mepersopends HBY cencopis. HaBomsTbest pes3ysibTaTv JOCTIIPKEHHS POSTOILILY
TI0JIST 30H/IA 3 YYTJIMBICTIO, II10 Tepe0yI0BY€ETHCS, 38 PAXYHOK 3MIHU ITOJIOMKEHHS KIHIISA BICTPS I0/I0 IIJIONTAHT
anepTypu. BeraHoBireHO 3aseskHICTD PO3IIOLITY IIOJIS Bl yCYHEHHs BicTps y Takomy 304l JlocmimxeHo pismi
Baplarii peskuMiB poOOTH 30HIA 3 UYTJIMBICTIO, IO ITePeOyIOBYETHCA: 3aHYPEHHS BICTPSI B allepTypy 30HMA,
BHCYBaHHS BiCTps ycepeauHy 00'eKTa, BUCYBAHHS BICTPSI 30HA 3 allePTYPH JI0 IIOBEPXHI 00'eKTa.

Kirouogi ciiosa: PesonatopHi sounu, UYsepTexBriiboBHil pe3oHaTop, Posmosmis mmosist Ha BigcTaHl BicTpsi-3pasox,
Hawnoo6'exty, Enexrpomuaamivni Biactuiocti, Merost CKIHUeHHUX eJieMeHTIB, JIokabHa MIKPOXBUIBLOBA JTar-
HocTHuKa, PerysipoBana uyriusicts, Bimkne moste, ExBaneciieHTHE eJleKTPOMATHITHE TIOJIE.
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