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Contactless Microwave-based
Evaluation of Interfacial Electrical
Conductivity

TSUNEAKI SAKURAI

Assistant Prof., Graduate School of Engineering, Kyoto University

In early 2016, Prof. Shu Seki, the principle investigator of the Con-
densed Matter Physical Chemistry Laboratory, announced that our lab-
oratory will accept ELCAS Advanced Program students in the coming
academic year. To be honest, my initial motivation toward ELCAS was
rather passive. Prior to his announcement, I had only been vaguely
aware of the ELCAS program through the lab-visit events held un-
der the ECLAS Basic Program. However, now I recognize that the
ELCAS program has left me many pleasant memories. Thus, here I
would like to report our activities through the ELCAS program and
acknowledge the many people involved.

Due to the short period allowed before the scheduled presentation
workshop, I initially thought that an easy-to-do project would be a suf-
ficient research topic for this program. However, Prof. Seki strongly
recommended that we pursue results worthy of publishing in a sci-
entific journal. I recall being thrilled to know that a chemistry club
in a certain high school reported the Belousov-Zhabotinsky reaction
in an international academic journal (J. Phys. Chem. 4 2011, 115,
14137-14142). We agreed with that suggestion and would provide an
exciting opportunity for the high schoolers to touch and feel a piece of
the forefront of research.

Specifically, we decided to address the research topic using
microwave-based  electrical  conductivity = measurements  at
semiconductor—insulator interfaces, which is one of the major interests
in our laboratory, Wolfgang Ernest Pauli, the 1945 Nobel Prize
recipient for Physics, once said: “God made the bulk; the surface was
invented by the devil.” In fact, surface and interface sciences are still a

challenging and controversial research area. In organic electronics, one
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of the key research fields in our laboratory, understanding the surface
and interface properties of materials plays a critical role for improving
electronic devices. Our laboratory has focused on the new methods to
evaluate charge carrier transporting phenomena at interfaces.

Let me take this opportunity to explain how electrical conductance
can be determined using microwaves. You may be aware that metal
should not be used in a microwave oven. Or you have even watched a
video showing aluminum foil or steel wool sparking in a microwave in
action. A microwave oven emits microwaves (a type of electromagnet-
ic waves) at a frequency of 2.4-2.5 GHz that cause vibration of water
molecules inside food, resulting in the role of heating. Meanwhile, you
may know that metals have free electrons, which are also activated by
absorbing microwave energy, creating a massive potential difference
that in turn leads to arcing. By taking advantage of this phenomenon,
an oscillation of the charge carriers (electrons or holes) of materials can
be induced by irradiating an alternating electric field at an appropriate
frequency. The electrical conductance can be determined by measuring
the microwave dielectric loss spectroscopy. This is the brief concept of
the strategy to use microwave as a probe for evaluating conductivity. I
would like to omit the detailed principles because the explanation with
mathematical equations is beyond the scope of this essay.

Unlike metals, semiconductors do not possess free electrons. Then
how can we generate charge carriers on an organic semiconductor—
insulator interface and irradiate with microwaves? The answer is to
utilize the mechanism of a capacitor. We fabricated a metal/semicon-
ductor/insulator/metal -type device on a quartz substrate. When a gate
bias is applied between these two metal electrodes, charge carriers are
accumulated into the insulator-semiconductor interface. When this de-
vice is placed inside a cavity resonator and irradiated with microwaves
at a certain interval, the motion of the charge carriers at the interface
can be evaluated. In practical terms, we need to create a more compli-
cated microwave circuit system but the essence for the measurements
is described above.

Using the measurement systems outlined above, our project aimed

to develop: (i) a graphene-based sensor to detect the changes in the
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electrical conductivity in response to an organic solvent vapor and
(ii) a variable-temperature system device that provides a platform to
discuss semiconductor-specific charge transfer mechanisms. Unfortu-
nately, the first research topic was suspended prematurely due to some
problems to control the reproducibility. In the second topic, the student
successfully realized a testing system using an inexpensive polyure-
thane heat insulator and liquid nitrogen gas flow. I was very impressed
by the great effort of the ELCAS student and the tutoring staff mem-
bers. The details of the testing system and the results are presented in
the final report written by the students.

I would like to share several pictures of the student working on this
project. I am happy to inform you what types of experimental proce-
dures are included. Figure 1 shows the student preparing the micro-
wave circuit covered with heat insulators for the experiments (left)
and creating gold electrodes by using a thermal evaporation machine
(right). Figure 2 shows a student doing a practice for the final presenta-
tion of this ELCAS program. I thought that he had good learning skills
and readily absorbed new ideas. Also I believe that his presentation
and discussion were already comparable to those of senior undergrad-
uate students in our university. I was really inspired by his young and
creative talents than those of mine in my high school student period.

Quite recently, aresearch article was published in an open access jour-
nal (ACS Omega 2017, 2, 164—170), where the low-temperature mea-
surement system developed through this ELCAS program is demon-
strated. I am happy to invite you to take a look at this article, which can
be found at http://pubs.acs.org/doi/abs/10.1021/acsomega.6b00428.

In closing, I would like to thank Prof. Shu Seki, ELCAS Program
Committee, and the Secretariat staff members for providing me this
wonderful opportunity. I am also indebted to Assistant Prof. Daisuke
Sakamaki and the following graduate students: Junichi Inoue and Yuki
Inoue working as teaching assistants, and Wookjin Choi and Yusuke
Tsutsui for the valuable advice regarding the experiments. I am par-
ticularly grateful to our ELCAS students, Kai Kubota and Shota Hira,
and all the other ELCAS students who actively responded to the proj-
ect presentations. They are a great inspiration to us faculty members.
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