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Abstract

Atmospheric-pressure plasma was produced in helium by a 25mm ressonant graphite antenna, using a 2.45 GHz
microwave oven operating at 700W. Fresh-cleaved mica placed inside the chamber shows carbon deposits coming from
the consumable graphite antenna. Atomic force microscopy (AFM), operating on the noncontact mode, shows carbon
phases with an almost flat 3nm-layer over mica. This is an indication of graphene formation, although further tests are
in need to confirm this allotropic form of carbon. This simple experiment emphasizes the didactically important concept
of resonance, as well as being visually appealing to students. Furthermore, it introduces to them the understanding of
new materials, such as graphene, into the development of the experiment.
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Resumen

Se genero plasma a presion atmosférica en helio mediante una antena resonante de grafito de 25 mm, utilizando un
horno microondas de 2,45 GHz que funcionaba a 700 W. La mica recién cortada colocada dentro de la cdmara muestra
depositos de carbono procedentes de la antena de grafito consumible. La microscopia de fuerza atdmica (AFM), que
funciona en modo sin contacto, muestra fases de carbono con una capa casi plana de 3 nm sobre la mica. Esto es un
indicio de la formacion de grafeno, aunque se necesitan méas pruebas para confirmar esta forma alotrdpica del carbono.
Este sencillo experimento destaca el concepto didacticamente importante de la resonancia, ademas de resultar
visualmente atractivo para los estudiantes. Adicionalmente, les introduce en la comprensién de nuevos materiales, como
el grafeno, en el desarrollo del experimento.

Palabras clave: Grafeno, Carbono, Antena Marconi, Horno microondas, Plasma, Microscopia de fuerza atomica.

I. INTRODUCTION

Physics students are interested in simple experiments that
confirm fundamental concepts they have learned in theory.
Furthermore, if this more traditional knowledge is combined
with the possibility of discovering ideas at the frontier of this
discipline, or in related areas such as materials science, so
much the better. The educational experiment we will describe
here is not only visually appealing, but also discusses the
relevant concept of resonance and how, in principle, it is
possible to produce graphene through it.

The concept of resonance is extremely important in
physics. It arises from the forced harmonic oscillator, with
small damping, in the steady state regime. If we plot the graph
of the average power absorption by the system as a function
of the forced frequency, we will see a maximum peak at
resonance [1].

Moreover, a set of n coupled harmonic oscillators will
have n resonance frequencies, called normal frequencies, in
the so-called normal modes of vibration. These discret
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resonators are classified as lumped-parameter resonators,
since we can associate a certain type of energy with a given
isolated component [2]. For example, in a set of coupled RLC
resonant circuits, the electrical energy is in the capacitors and
the magnetic energy is in the inductors (whereas R are
resposible for damping). On the other hand, there are
distributed-parameter resonators, like antennas, that do not
allow a clear distinction between where electrical or magnetic
energy is located. A mechanical equivalent would be a guitar
string, where kinetic energy and elastic potential energy are
distributed along the string. In these cases, there are an infinite
discrete resonance frequencies, each one associated with a
particular standing wave inside the enclosure. In a one-
dimensional enclosure, as in our experiment to be described
of a thin linear antenna, these resonances occur when D =
nA/2, where D is the length of the enclosure, 1 is the associated
wavelength, and n is an integer. This condition implies that
we will have a node or an antinode at the ends of the enclosure.
As we will see below, if there is an infinite metal base next to
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the antenna, due to reflection, the resonance condition will be
modified to D = ni/4.

A new and technologically important nanomaterial is
graphene, an allotropic form of carbon consisting of a single
atomic layer, with the atoms forming a hexagonal structure, as
if it were a straight section of a honeycomb [3]. Graphene,
among others surprising propreties, is the material known to
have the highest tensile strength, that is, the ability to be
stretched before breaking. A 4kg cat could rest on a one-
square-meter sheet of graphene so light that it would weigh as
much as one of its whiskers [4].

The work described here uses a graphite resonant antenna
which, due to the presence of plasma, is able to deposit
material on a very flat mica surface. Preliminary analysis
indicates the presence of graphene phases. So, we have a way
of connecting these two concepts through a simple and
educational experiment.

Il. THEORETICAL FRAMEWORK

A definition for certain common types of antennas, in the
approximation of continuous media, would be a metallic body
where there is an alternating electric current as a function of
an electromagnetic wave existing in a dielectric medium in
which this body is immersed. In this case, we would have a
receiving antenna.

Moreover, if we apply an alternating voltage to the body,
there will be an alternating current in it and, consequently, an
emission of electromagnetic waves. This is the case with a
transmitting antenna.

On the other hand, from a more basic theoretical
perspective, it follows from Maxwell's equations that any
accelerated point charge emits electromagnetic radiation. For
nonrelativistic motion, the power distribution of emitted
frequencies is proportional to the square of the Fourier
transform of the acceleration of the charged particle [5]. If the
geometrical dimensions where the charge or charges move
(called it D) are small in comparasion with 1 (the wavelength
of oscillations they excite), that is if D << A, we call it an
elementary antenna [6, 7, 8]. In this case, if the distance of
observation R is such that 1 << R, then we are in the far-field
region, where radiated power decreases as the square of
distance. For electromagnetically long antennas (D = 1 or D >
1) there is a different condition for far-field: the Fraunhofer
distance, defined as 2D%A . In this case, we are in the far-field
zone if R > 2D%. .

There is a specific case of long antennas called resonant
antennas [9]. They occur when D = n/4, with n an integer. In
such cases the indutive and capacitive reactances cancel each
other and the antenna is purely resistive and we will have a
maximum current for a given external electromagnetic field.
Among resonant antennas, one of the most widely used is the
Marconi antenna [10, 11], a sort of monopole antenna. The
Marconi antena is a thin quarter-wave wire, perpendicular and
connected to a conductive plane. Because of reflection, we
have what is called an image antenna beneath the plane and
all the current and voltage configurations of a half-wave
antenna may be obtained. In resonance, the standing wave
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formed has a current node and a voltage antinode at the tip of
the antenna. Arrangements like this are a simple way for
obtaining high effective and peak voltages at the tip of the
antenna, facilitating the electrical breakdown of a gas in this
region, even at atmospheric pressures [12, 13]. On the far-
field region, maximum power occurs in the horizontal
direction (if the conductive plane is horizontal) and zero
power in the vertical direction, with the three-dimensional
distribution of power forming a torus. If the conductive plane
is geometric limited (as in our experiment) the torus is
skewed, with peak-radiation not more in the horizontal plane
but in an angle elevated from that plane [see figure in 11].

As explained below, we will use helium enclosed in a
beaker in our educational experiment. Pioneering work in the
use of an electric discharge in a helium atmosphere for the
production of new allotropic forms of carbon was carried out
by Kratschmer et al. [14]. Using an electric arc between
graphite electrodes, they obtained significant quantities of
fullerene, which is a carbon allotrope molecule with the
structure, among others, of a hollow cylinder or a hollow
sphere.

Graphene, on the other hand, with carbons in a single
atomic layer with a hexagonal structure, has been produced in
different ways. There is evidence [15] that graphene was
accidentally synthesized as early as 1879 by Thomas Alva
Edison, during the development of the electric light bulb.
Nowadays, graphene can be obtained chemically from
graphene oxide, which in turn is also synthesized via chemical
reactions. Graphene itself is mainly manufactured by tape
exfoliation, liquid-phase exfoliation, chemical synthesis,
CVD (chemical vapor deposition) and molecular beam
epitaxy [16]. The use of plasma from a microwave oven,
similar to our experiment, and other electrical techniques [17,
18] described below are less common.

I11. EXPERIMENTAL RESULTS AND DIS-
CUSSION

The experimental apparatus consists of a glass chamber
containing comercial grade helium at atmospheric pressure.
Inside it there is a graphite Marconi-type quarter-wave
resonant antenna, as shown in figure number 1. The geometric
214 height of the antenna was slightly reduced (to 25mm) in
order to compensate for its non-zero diameter [19, 20] and
through empirical adjustments, with the aim of improving its
electromagnetic resonance and plasma ignition [12]. A Sharp
MW-620 model 700W domestic microwave oven was used.
Deposition times of the order of one minute and with a
substrate-antenna distance of the order of 30mm was made on
fresh-cleaved mica, which assures an atomic smooth surface
for carbon deposition.

At the tip of the antenna, where the plasma begins, there is
a current node and a voltage antinode [21], assuming the same
behavior of the free space. This quarter-wave antenna allows
plasma ignition at atmospheric pressure, which has a much
higher critical breakdown electric field compared to those at
relatively lower pressures values [12].
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FIGURE 1. Marconi resonant antenna under atmospheric helium
which will remain inside the microwave oven. After plasma ignition,
allotropic formas of carbon will be deposited on the mica sheets.

The choice of helium gas in our experiment stems from
several factors. It is less dense than air and therefore tends to
remain trapped in the inverted beaker. It is inert, meaning it
does not react with the carbon in the electrodes. Finally, its
dielectric strength is relatively low (0.15 MV/m compared to
3 MV/m for air, both at atmospheric pressure [22]) and, as a
result, it is easier to create plasma. On the other hand, the
Paschen’s curve [23] shows us how dielectric strength varies
as a function of gas pressure, and we see that, since we are
working at atmospheric pressure, the minimum voltages
involved here are higher than those in another study [24] with
low-pressure (25 mmHg) helium.

The yellow color of the plasma, which we can see in figure
number 2, arises mainly due to the presence of sodium in the
glass of the beaker used [25]. Glass normally contains this
chemical element, and even more so the specific glass of the
beaker (“Pyrex”), which contains borax (sodium borate) in its
composition [26].

’o s

FIGURE 2. Light from plasma produced by 2.45GHz microwave-
oven in a graphite resonant antena imersed in atmospheric helium.

With an atomic force microscope (AFM Shimadzu SPM
9600) operating on the noncontact mode, one can see carbon
phases with an almost flat 3nm-layer, as shown in the figure
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number 3, as the faint gray phase near agglomerates. Such
phase is typical of graphene flakes, on a flat surface such as
exfoliated mica, as can be seen in this work [27]. Again, in an
exploding wire [28] experiment using graphite, AFM
topography images show graphene as ultra-thin carbon films
in the size of 0.5-5 um [17]. In another study [18], graphene
was produced by plasma generated by a microwave oven,
using small polyethylene spheres on a sheet of aluminum foil.
Characterization of the samples by transmission-electron
microscopy, also showed a topography with layers
approximately 3 nm thick.

-59.46

1.00 um 2.00x2.00 um
kml prof Fleming 2um

FIGURE 3. Carbon deposition over mica seen with an atomic force
microscope. The putative graphene phases are the light gray flat spots
at the top of the image.

Further investigations, such as electron microscopy and
Raman microspectroscopy, are needed to clearly identify this
phase. Better deposition yields can be achieved by applying a
static voltage between the antenna and the substrate [29] and
by controlling the cooling rate of the carbon vapor [18, 30] by
changing the inert buffer gas or altering the distance between
the antenna and the substrate.

IV. CONCLUSION

We described a simple experiment with visual appeal to
students due to the plasma generated inside a transparent
chamber. In addition to its educational value for exploring the
important concept of resonance applied in electromagnetism,
we believe we are pioneers in the method of using a
consumable resonant antenna to deposit material onto a
substrate. More specifically, a graphite resonant Marconi
antenna for depositing allotropic forms of carbon.
Preliminary analysis made with atomic force microscopy
(AFM) indicates that, among other phases, one could have the
formation of graphene. This is seen as a 3nm flat deposition
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on fresh-cleaved mica surface. More tests, like Raman
microspectroscopy, are in need in order to better identify this
phase.
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