
 

Faster, more precise, more stable: Study
optimizes graphene growth
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Visible to the naked eye: a wafer-thin graphene flake obtained via chemical
vapor deposition. The red coloration of the copper substrate appears when the
sample is heated in air. Credit: J. Kraus/ TUM
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Each atomic layer thin, tear-resistant, and stable. Graphene is seen as the
material of the future. It is ideal for e.g. producing ultra-light electronics
or highly stable mechanical components. But the wafer-thin carbon
layers are difficult to produce. At the Technical University of Munich
(TUM), Jürgen Kraus has manufactured self-supporting graphene
membranes, and at the same time systematically investigated and
optimized the growth of the graphene crystals. He was awarded the
Evonik Research Prize for his work.

Graphene breaks all records. It is the thinnest and most stable material in
the world, ultralight, tear-proof, electrically conductive, and highly
resilient. Since it was discovered in 2004, the two-dimensional structures
composed of carbon atoms have fueled the imagination and inventive
spirit. Science fiction authors consider the material suitable for building
cables to drive space elevators. Material researchers are experimenting
with graphene displays, transistors, and electrodes, which purport to
make the electronics of the future lighter, more stable, and longer-lived.
In the scientific community, films of highly pure graphene are highly
coveted, as they allow gases and liquids to be packaged in an ultra-dense
manner.

"Currently, however, the basic requirements are still lacking. There are
various manufacturing processes which are suitable for the mass
production of graphene. However, this material is not free of defects.
Graphene of the highest crystalline quality cannot be reproducibly
manufactured in this manner", explains Sebastian Günther, Professor for
Physical Chemistry at the TUM. His team has now succeeded in
analyzing, monitoring, and optimizing the growth of graphene crystals
through chemical vapor deposition (CVD for short). The findings were
recently published in the Annalen der Physik (Annals of Physics).

Theory and caveats in practice
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Theoretically, it is very easy to produce graphene: All that is needed are
a heated glass vessel, a reactor, in which carbon-containing gas such as
methane is fed into, as well as copper as a catalyst. At temperatures of
around 1,000 degrees Celsius, the methane decomposes on the copper
surface to produce hydrogen and carbon. While the hydrogen
subsequently leaves the copper surface, the carbon atoms collect on the
surface of the copper film used during this chemical precipitation from
the gaseous state—a process called chemical vapor deposition. Here, the
atoms cross-link and form graphene "flakes", spot-like two-dimensional
structures with the typical honeycombed structure. What remains is the
hydrogen, which can be extracted via suction.

However, in practice, the devil is in the details. "The biggest problem is
that the two-dimensional crystal structure is often not entirely
homogeneous, because growth begins simultaneously at multiple
locations", explains Jürgen Kraus, who carried out the experiments. "At
first glance, it appears that a continuous graphene film is appearing on
the copper, but the hexagonal honeycombs are not all oriented in the
same manner, and the structure is weakened at locations where they
meet."

Such defects can be avoided by ensuring that the surface of the copper is
as free of crystallization nuclei as possible.

With his experiments, the chemist was able to demonstrate that
contaminants could best be removed with the help of oxygen gas—i.e.
through oxidation. However, in order to avoid undesirable side effects,
care must be taken to ensure that the copper catalyst is only exposed to
the minimum possible amounts of oxygen.

Crucial for success: Gas concentration and
temperature
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In the second part of his experiments, Kraus analyzed how various
partial pressures and temperatures affect the formation of graphene
during chemical vapor deposition. If the gas composition used contains
too much hydrogen, no graphene grows at all; if it has too little
hydrogen, the layers become too thick. It is only when all parameters are
selected such that growth occurs "close enough" to the thermal
equilibrium that highly pure graphene without defects is formed in a
crystal lattice.

Quality check in Italy

In order to verify the quality of the flakes, the Munich-based researchers
took a trip to Italy with their samples. At the Research Centre Elettra
Sincrotrone Trieste, which is equipped with a ring-shaped particle
accelerator, they were able to chemically and structurally characterize
the graphene layers with a special microscope, which had a high
resolution thanks to the high-energy synchrotron radiation.

"The results of the feasibility study were highly encouraging", reports
Günther. "The images have shown that reproducible results can be
obtained by selecting the parameters during chemical vapor deposition"

The TUM researchers' best record for quality so far: Graphene flakes
measuring one square millimeter containing ten billion precisely aligned
carbon atoms. "The advantage over other studies is not so much the
'record size' achieved, but lies in the fact that the flakes are formed with
a predictable growth rate if the right CVD parameters are chosen,
thereby allowing closed, highly crystalline graphene layers with a
thickness of just one atom to be manufactured within just a few hours",
summarizes Günther.

Mini films for new applications
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Graphene opens up a wide range of new applications, above all in basic
research: For one, the ultra-thin graphene films can e.g. be removed
from the copper substrate and used as covering films. Such films are
suitable for trapping liquids in a container. Because the films are
transparent to slow electrons, the samples can be studied via electron
spectroscopy and microscopy, even though these techniques are typically
used in ultra-high vacuums or high vacuums.

With the help of the films, the researchers also intend to investigate
living cells, liquid-covered electrodes and catalysts under high pressure
via photoelectron spectroscopy in the future. In this process, photons,
which are able to penetrate the film, transfer their energy to the electrons
in the sample, such that they are released and pass through the film to
the outside. Their energy levels can then be used to derive conclusions
regarding the chemical composition of the sample.

  More information: Jürgen Kraus et al, Understanding the Reaction
Kinetics to Optimize Graphene Growth on Cu by Chemical Vapor
Deposition, Annalen der Physik (2017). DOI: 10.1002/andp.201700029
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