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Summary

Graphene is a deceivingly simple material. It is basically a single atom thick slice of
graphite, consisting of carbon atoms arranged in a hexagonal lattice. Until 2004 it
received little attention, save for some theoretical studies. In part this is due to the
belief that graphene would be thermodynamically unstable and flakes would roll
up or crumple. But all this changed when Andrei Geim and Konstantin Novoselov
demonstrated a very simple method to isolate graphene flakes, an effort reward with
the 2010 Nobel prize for physics. They used adhesive tape to pull graphite apart and
then push the graphite covered part onto a SiO2 covered Si substrate. This would
leave many small graphite crystal flakes behind and, upon closer inspection, also
graphene flakes. And this way the first truly two-dimensional material was experi-
mentally realized.

After this initial demonstration, graphene research immediately started gaining
momentum. Suddenly researchers had access to a cheap but remarkable material.
Besides its physical properties, such as transparency, impermeability and strength
graphene also proved interesting electronically. For example the quantum Hall ef-
fect could be demonstrated at room temperature. But also in spintronics, where
information is carried by the electron spin instead of its charge, graphene is of major
interest. Here it serves as a channel to transport spin information and it was shown
that micrometer distances could be bridged.

As research progressed, so would the demands. Graphene is easily affected by
its surrounding, being only made of surface area. This will degrade the (electronic)
quality. The SiO2 substrate, for example, contains charged impurities and is not
atomically flat. To counter such negative influences, an alternative to the substrate
was needed. One approach is to suspend the flake freely. However, cleaning the
flake is risky and more complicated device architectures are difficult or impossible
to realized. Another approach is to replace the substrate. Hexagonal boron nitride
(h-BN), also known as white graphite, appeared to be the best alternative. It can
be exfoliated similar to graphene and provides an atomically flat substrate, free of
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impurities and with a dielectric constant similar to SiO2. However, one is again
limited to small flakes (∼10 µm) when good quality is desired. And this poses a
challenge to the fabrication process. How doe one stack two or more micron sized
flakes?

Here two methods are presented to deal with the fabrication of graphene h-BN
heterostructures. The first method utilizes a glass mask in a mask aligner. The mask
contains first a tape layer and then a polymer layer, on which the graphene flakes
are exfoliated. The mask aligner controls allow for easy alignment between the h-
BN containing substrate and graphene flake on the mask. The only modification to
the aligner is the inclusion of a heater under the substrate, to heat the sample during
the transfer process and melt the polymer onto it. Heterostructure devices made this
way could achieve mobilities exceeding 100 000 cm2V−1s−1 at room temperature
and up to 275 000 cm2V−1s−1 at 4.2 K. Also of great importance is that this was
achieved using commercially available h-BN, so far a single source of h-BN was used
for this type of device. This realization combined with the easy recipe using an old
mask aligner improves accessibility to high quality heterostructure devices.

However, replacing on the substrate may not prove sufficient to reach the highest
quality a heterostructure can offer. To further limit external influences, full encap-
sulation in h-BN would be required. Unfortunately simply adding a layer of h-BN
using the just described method will not do the job. Polymers used during the pro-
cessing will for example be trapped in the stack. Therefore another method was
developed where single crystal flakes are picked up one after another, while stack-
ing them in the process. The stack is contained on polycarbonate (PC), that is place
on a polydimethylsiloxane (PMDS) stamp which in turn sits on a glass slide. The PC
is chosen such that is can lift graphene from the surface, something that has proven
difficult before. In a final step, the sample is heated such that the PC will melt after
which is can be dissolved.

As the higher electronic device quality allows for easier access to the quantum
Hall regime, the heterostructure devices are excellent for studying the quantum Hall
effect. Both suspended graphene and h-BN based graphene devices are used to show
how quantum Hall transport can be used to probe the charge carrier density profiles
near the graphene edges. Information about the effective capacitance of individ-
ual quantum Hall plateaus can be extracted from the relation between the applied
gate voltage and their carrier density based on filling factor and applied magnetic
field. The effect of electric field focusing indeed shows as the effective capacitance
increases when areas closer to the device edge are being probed.

Next, high quality devices are used in the study of graphene spintronics. The first
realization of graphene h-BN heterostructure spintronic devices immediately led to
an increase of observed spin relaxation length due to their improved diffusion char-
acteristics. While the spin relaxation length was found to range up to 4.5 µm, non-
local spin signal detection was possible even over ∼20 µm. While this indicated that
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the replacement of SiO2 to h-BN indeed improved the transport characteristics, the
spin relaxation time is found to be unaffected. Further analysis of the spin relaxation
rate suggested that it is determined in almost equal measures by the Elliott-Yafet and
D’Yakonov-Perel mechanisms.

While the quality improvement is important, the effect of degradation should not
be ignored when considering spintronic applications. In this light, few layer graph-
ene was intentionally damaged using H+ ion irradiation. Interestingly, micrometer
scale spin relaxation lengths could still be observed even after doses of 1x1016 cm−2,
demonstrating the robustness of few layer graphene for spintronics.

Overall, the development of heterostructure devices was an important next step
in the development of graphene research. Obtaining a graphene flake is relatively
easy. And now high(er) quality device have become accessible as well. Even with-
out special precautions, simply placing a graphene flake on h-BN will immediately
improve its electronic quality. This is reflected by the electronic mobility, but also
the gate voltage required to reach the charge neutrality point. But this is not where
the story ends. Many new layered materials like MoS2, WSe2 or black phosphorus
have been identified and heterostructures are no longer restricted to just graphene
and h-BN. In fact, methods to quickly build stacks without for example in between
cleaning steps have become of great importance now.
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