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Chapter 3

Experimental techniques

Abstract

This chapter deals with the experimental aspects of graphene based electronic and spin-
tronic devices. After an introduction of the core materials of this work, graphene and
hexagonal boron nitride, and their exfoliation, the complete fabrication process of a graph-
ene based device is explained. This includes the preparation heterostructure following two
different approaches. The first method uses a sacrificial polymer layer to stack one crystal
layer on another. The other approaches allow for the pick-up of multiple layers before de-
positing the stack on a substrate. Additional etch steps for graphene or heterostructures
are also described. The chapter ends with a description of the measurement setup.
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3.1 Graphene sources

The first step towards a graphene based device is the preparation of the graphene
flake itself. There are various approaches that can be used for this. The method that
was originally used is the scotch tape method, where adhesive tape is used to peel
layers of a bulk graphite crystal[1]. The tape is then pressed on a substrate and after
removing it thin crystals will remain, among which there may be graphene flakes.
This method is simple, cheap and yields the highest quality graphene flakes making
it very well suited for fundamental research. The major downside is that only one or
a few devices can be made from a flake of which the size can hardly be controlled.
This renders the scotch tape method useless for the further industrial development
of graphene towards commercial applications and hence other methods were devel-
oped.

An established method to synthesize graphene is by chemical vapor deposition
(CVD)[2–7]. In fact, graphite monolayers have already been observed on different
metals long before the scotch tape method made its impact[8, 9]. Graphene mono-
layers can be grown for example from a gaseous mixture of H2, CH4 and Ar[5]. A
transition metal surface is required, such as copper or nickel, serving as a catalyst to
lower the reaction temperature and provide a substrate for the graphene layer. After
the demonstration of free standing graphene and its electronic properties using the
scotch tape method, efforts to isolate CVD grown graphene succeeded as well[2], us-
ing the knowledge already developed for CVD grown carbon nanotubes[10, 11]. The
difficulty however, is to transfer the graphene layer intact from the metal surface to
a desired substrate. This typically involves acids to selectively etch the metal while
the graphene is supported by a polymer film. A promising approach is a roll-to-roll
procedure which allows for the fabrication of large area (predominantly monolayer)
graphene[6]. Further efforts optimize this procedure to eliminate the need for acid
etching[12].

Another method for graphene growth on a substrate is the epitaxial growth on
silicon carbide (SiC). Like CVD growth, the study of this approach also predates
the scotch tape method[13–15]. Furthermore, independently of the development of
the scotch tape method[1] and at the same time, the 2D electron gas behavior of the
thin graphite films created on SiC was been studied to demonstrate the potential
of graphene[16, 17]. The growth takes place at elevated temperatures (>1000 ◦C) in
vacuum. Si atoms start sublimating faster than the C atoms[18], which can then form
a graphene layer on the surface. This process is not self-limiting and will continue
to form layers. The advantage of this method is that the graphene layers match the
size of their substrate and that the substrate is semiconducting, unlike the metals
used in CVD. Disadvantages are the high cost of substrates, presence of terraces that
induce scattering and the high temperatures which are incompatible with current Si
based processing. It is expected that graphene on SiC may find its way into niche
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applications[19], such as high frequency transistors[20].
A way to obtain large quantities of graphene, which would be required on the in-

dustrial scale[21], is by dispersion[22, 23]. The creation of liquid phase graphene in-
volves ultrasonication in an organic solvent with preferable a similar surface energy
to graphite. The resulting solution is called graphene ink. It contains a mixture of
single-, bi- and few-layer graphene flakes with typical dimensions in the micrometer
range, the thickest flakes can be removed with a centrifuge step. The lack of control-
lability is countered by the cost and simplicity of graphene ink production. It hence
is another interesting method for the fabrication of printable, flexible and transpar-
ent electronics. A similar method first oxidizes graphite powder in the presence of
strong acids and oxidants to improve solubility and obtain graphene oxide[24, 25],
which can be reduced to obtain graphene[26].

In conclusion, the best suited method to obtain graphene depends on its envi-
sioned use. For applications that do not demand high quality, low complexity dis-
persion methods are best suited. CVD methods on the other hand can provide good
large area films, for example suitable for touch screens. Here we will focus on exfo-
liated graphene for its high quality and ease of preparation.

3.2 Device fabrication

Here follows an account of the fabrication steps involved in making graphene spin-
tronic devices and heterostructures with hexagonal boron nitride. Most of the steps
involved are shared between these two types of devices. In short, a complete de-
vice is finished using the following steps: 1) Graphene exfoliation and identification
on a SiO2 substrate, 2) electron beam lithography (EBL) to define electrodes, and 3)
metal deposition, followed by lift-off. Additional steps that can be introduced are
etch steps to define specific graphene geometries such as a Hall bar or transfer steps
required to stack graphene and h-BN crystals.

3.2.1 Exfoliation

As discussed in the previous section, there is are several ways to obtain graphene.
Here we solely rely on mechanical exfoliation from bulk graphite[1]. Similarly, thin
h-BN crystal flakes are obtained by mechanical exfoliation using small h-BN crystals.
This method of exfoliation is well suited for use in academic research. Most impor-
tantly the resulting flakes are of high quality1 and while more effort is required to
obtain and identify the flakes, this is acceptable given that with only a couple of
micrometer scale flakes one can prepare the required devices.

1There is a number of factors determining the ultimate quality of a device, such as the substrate or
processing steps. Important is that generally mechanical exfoliation is not the limiting factor.
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It should be mentioned that there is not a single right way to perform the exfolia-
tion. Often the exact approach depends on the preference or past experiences of the
person involved. Furthermore it is difficult to determine what factors determine the
success of an exfoliation. Some examples of these factors are the source material, the
tape or adhesive material, number of cleavings before exfoliating on the substrate,
substrate pre-treatment and speed and direction when exfoliating on the substrate.
Despite this, there is a general approach to exfoliation that can be followed.

Graphene Exfoliation

The first important choice is the source material. There are several options for graphite,
for example natural flakes, synthetic highly oriented pyrolithic graphite (HOPG) or
Kish graphite, which is a by-product in the steel industry. Here we make use of
HOPG grade ZYA2, which is ∼12 mm x 12 mm x 2 mm in size. The motivation for
this choice is that HOPG typically yields elongated graphene flakes, with lengths
over 10 µm and widths in the order one or a few µm. These dimensions and aspect
ratios are well suited for the type of longitudinal devices we aim to make and this
prevents the need for etching. For comparison, Kish is found to yield flakes which
are approaching square shaped geometries. This is useful when fabricating Hall type
devices.

The other requirements are adhesive tape and a substrate. The tape we used is a
Nitto Dicing film which releases less glue then for example the Scotch tape to which
the mechanical exfoliation method thanks its name. In fact, the glue is an important
consideration since it will also end up on the substrate, resulting in contamination
and complication of further fabrication steps. The substrate choice is a practical one.
Firstly, device operation requires a back-gate, making SiO2/Si a good choice. Sec-
ondly graphene should be visible. It is found that for a SiO2/Si wafer the contrast
depends on wavelength and oxide thickness[27–29]. Here we use a SiO2 thickness
of 300 nm, which gives good contrast in the green to red spectrum.

With the HOPG, tape and substrate prepared, one can proceed with the mechan-
ical exfoliation step by step:

1) The adhesive side of a piece of tape is pushed on the (001) plane of the HOPG
crystal. the size of the tape depends on your need (i.e. the area of substrate that
should be covered), 1.5 cm by 15 cm is a good choice in our case.

2) The tape is removed carefully from the HOPG and consequently a thin film
of graphite will remain glued to the tape. Only the tape containing graphite will be
required during the further steps.

3) A second piece of adhesive tape (similar size as the first piece) is glued on top
of the graphite film on the first tape, gently pressing the two tapes together to make
good contact.

2The various grades for HOPG are used to define for example the mosaic spread and grain size.
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4) The two tapes are pulled apart, both tapes will now contain a layer of graphite.
5) Steps 3) and 4) are now repeated several times with both tapes containing

graphite. Each time the tapes can be offset so that the graphite on the tapes comes
only into contact with tape that does not contain graphite yet. The graphite coverage
on both tapes hence grows exponentially.

6) One of the tapes is pressed on a clean piece of SiO2/Si wafer (similar size or
smaller than the graphite covered area). To improve contact the top side of the tape
can be rubbed gently with the back end of tweezers or pushed with an eraser.

7)The tape is pulled in a single fluent movement from the substrate. Pulling
slower will generally leave more graphite on the substrate, which may also improve
the yield of graphene. However, a lower amount of (useless) graphite will make
follow up fabrication steps easier.

After these steps one should have a substrate filled with graphite flakes of vary-
ing thickness. There are some remarks that can be made here. In general, it is easier
to use a substrate that is pre-patterned with metallic markers, but the required pro-
cessing steps may contaminate the substrate. Also, the number of exfoliation times
in step 5) affects the yield of flakes, good results can be had when the graphite layer
on the tape becomes a bit transparent. When having poor yields it is worth trying
another approach. The next step is the identification of graphene flakes, but first
follows a short note about h-BN exfoliation.

h-BN

The approach for h-BN exfoliation is very similar to that of graphene. The most
important difference is that the boron nitride used (Momentive, Polartherm grade
PT110) comes in a powder form3 instead of a large crystal, as can be seen in Fig.3.1a).
Therefore the first two steps can be ignored and instead one has to take a pinch of
h-BN powder and sprinkle this on the adhesive tape. After that the excess h-BN
powder can be shaken off the tape. Otherwise one can follow the same steps. One
remark is that for a good yield of thin flakes it seems best to thin down the flakes
on the tape (step 5)) as much as possible. In general, the flakes of interest are about
20 nm thick to completely negate the SiO2 roughness[30]. Also here, removing the
tape slowly from the substrate as in Fig.3.1b) helps to yield more h-BN flakes. This
is less problematic during device fabrication as compared to graphite since h-BN is
insulating and will therefore not short the electrodes to the graphene.

3.2.2 Localizing exfoliated flakes

The primary tool for the identification of graphene flakes is the optical microscope[27–
29]. A color filter can be used to help tune the wavelength for optimum contrast or

3The mean particle size is 45 µm.
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a) b)

Figure 3.1: a) The spoon on the left still contains a pinch of (white) h-BN powder, the blue
film in the center has been covered with this. In follow up steps the h-BN on these tapes will
be cleaved, as described in step 5) for graphene exfoliation. b) The h-BN was pressed on a
SiO2 substrate and is now being peeled of.

additional software filters can be used on digital images. After taking several images
of presumed mono-, bi- and few layer flakes on the substrate with the same micro-
scope settings, their contrast values (Isubstrate− I)/Isubstrate relative to the substrate
can be plotted. The resulting plot should clearly reveal the discrete steps in contrast
per layer, making it easy to select the desired flakes. A typical flake that can be used
as a reference tool is shown in figure 3.2.
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Figure 3.2: a) Microscope image of an exfoliated HOPG flake where the number of layers
varies per area, as indicated by the numbers. b) Plot of the average contrast values in arbitrary
units, normalized to the background. Data is measured on the flake in a).
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Further inspection of the graphene flakes can be done using atomic force mi-
croscopy (AFM) and Raman spectroscopy. Ideally the step height measured by AFM
is∼0.4 nm. While the initial contrast analysis normally gives a clear indication about
the number of graphene layers, AFM scans may additionally reveal cracks or folds in
the graphene flake that are otherwise difficult if not impossible to see. Raman spec-
troscopy on the other hand is also a tool that can be used to identify graphene[31]. It
can also yield additional information about defects in graphene[32]. Widefield Ra-
man imaging can even be used on a large scale[33], making it a useful tool for the
characterization of CVD graphene for example.

For h-BN the thickness is not critical and can be estimated from the appearance
(color) of the h-BN flake. It may be helpful to keep a reference flake of known
thickness at hand to make sure that selected flakes fall in the right range. Only
when trying to obtain and identify few- or monolayer h-BN one should take special
care. In particular the substrate SiO2 thickness should be close to 80 nm for optimal
contrast[34].

For the subsequent processing steps it is often required to note the location for
the flakes on the substrate. After the positive identification of a desired graphene or
h-BN flake on a large substrate, its position can be marked with a small marker dot
at the substrate edge. This allows either for cutting the wafer down to a smaller size
of ∼5 mm x 5 mm that still contains the candidate flake. Or, if the flake is to be part
of a heterostructure, it is easier to trace back. Additionally, pictures of the flake and
surrounding area help to find the target flakes in subsequent steps. Alternatively, one
could use a substrate that was processed to contain markers. This makes it easy to
find and mark a good number of graphene or h-BN flakes. However, the fabrication
steps used to prepare this wafer generally result in contamination of the SiO2 surface
with polymer residue.

3.3 Graphene and h-BN Transfer

Placing a graphene flake on a h-BN substrate will greatly improve the electronic
quality of the graphene flake[30]. The challenge is to accurately place a one atom
thick, micrometer sized graphene flake on top of another crystal that is only slightly
larger. Two different approaches to build heterostructures of graphene and h-BN
have been used throughout this thesis.

3.3.1 Transfer with Elvacite

This method is described in detail in Chapter 4. It requires that the graphene4 is
exfoliated directly on a polymer substrate, which shall be referred to as mask For

4This can also be another crystal that should be transferred, such as h-BN.
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clarity. This mask is comprised of three layers; from the bottom up a ∼1.85 mm
thick glass slide, adhesive tape (Pritt, no scissors) which is glued on the glass and
Elvacite 2550 acrylic resin dissolved in methyl isobutyl ketone (MIBK). Prior to the
exfoliation, the mask is baked for 10 minutes at 120 ◦C to harden the polymer. The
Pritt adhesive tape is specifically chosen because it can withstand the baking step,
while the entire mask remains transparent. During exfoliation, special care should
be taken when the tape containing graphite is removed from the Elvacite. It is best
to make sure that the tape is fully covered with graphite, otherwise the Elvacite can
be removed from the mask.

Assuming the transfer is meant to place a graphene layer on h-BN, one requires a
Si/SiO2 substrate containing the target h-BN flake. The identification of graphene on
the mask can be done by contrast analysis. The aim of the next steps is to transfer the
Elvacite layer onto the substrate while aligning the flakes as desired. A mask aligner
(Karl Suss MJB-3) was modified so that the chuck contains a heater. The substrate
is placed on the heater, with the h-BN facing up. To fix the substrate in place, a
small drop of polymer can be used that will harden when the heater is switched on.
The mask with graphene can be conveniently place on the mask holder, graphene
facing down. Using the optics of the mask aligner, the two flakes can be accurately
aligned. The chuck can then be raised so that the Elvacite makes contact with the
substrate, which is heated up to ∼100◦C. The Elvacite will melt onto the substrate,
together with the graphene. Lowering the chuck will then release the polymer from
the mask and the transfer is complete. The Elvacite can then be removed from the
substrate in hot acetone, followed by isopropanol rinsing. Additional cleaning is
required to remove Elvacite remains. This can be done in a furnace at 330 ◦C in
Ar/H2 (85%/15%) flow for 8 hours. It is best to do this after completing the device
to avoid re-contamination during the other processing steps.

Some problems may occur during the transfer. For example, the glass support of
the mask can break when making contact. To avoid this, a relatively thick glass slide
is chosen as compared to the standard microscope slides used in the next method.
However, when the substrate surface is misaligned with the mask by a small an-
gle, extra pressure may be needed to make good contact which may cause even the
thick glass to break. Another potential issue is that the same small angle just men-
tioned will result in the contact starting on one side of the substrate. Typically, this
will cause the viscous polymer to shift a bit when reaching the target flakes, causing
a slight misalignment. Some corrections can still be made up to the point that the
flakes are in contact. Alternatively, these shifts can be anticipated when one is aware
of the specific behavior of one’s transfer system. The last, more common problem
is that the substrate can remain stuck to the mask when the chuck is lowered. The
adhesion of the Elvacite is much stronger to the SiO2 as compared to the Pritt. By
pushing to the side of the substrate one can remove it from the mask without wor-
rying about the stack. This may require some force and it can help to first cut the
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Elvacite around the substrate with a lancet.
This transfer method is most useful for the fabrication of bilayer heterostructures,

like graphene on h-BN. Specifically, this method was used to fabricate the spintronic
devices measured in Chapter 7. Due to the Co electrodes used here, no annealing
could be done to remove polymer remains after fabrication. The lower molecular
weight of the Elvacite as compared to PMMA makes it easier to remove. Still, the top
layer will be contaminated during this transfer process and despite cleaning steps,
multilayered stacks like h-BN encapsulated graphene h-BN are found to be of poor
quality. The method described in the next section was developed specifically for this
purpose.

3.3.2 Pick up transfer

As the name suggests, this method can be used to pick up flakes from a substrate.
The picked up flake can either be deposited on another substrate, or another flake
can be picked up to build a stack. A detailed description is found in Chapter 5. The
mask used for the pick up consists of, from the bottom up, a standard microscope
glass slide, a piece of polydimethylsiloxane (PDMS, size ∼4×4×1 mm) and a film
of polycarbonate (PC) dissolved in chloroform. The PC film is prepared separately
from the mask on another glass slide. After preparing the PC, flakes can be exfoliated
on it. The flakes can be located using an optical microscope, and their location can
be marked on the glass face of the slide. The PC is important to this method as it
allows for the pick up of graphene as well as graphite and hence ensures 1D contacts
are not needed[35].

Next the PC film needs to be removed from its slide and be placed on the PDMS.
This can be done with a piece of (scotch) tape that is longer than the width of the
slide. A rectangular hole, larger than the PDMS area, is cut in the center of the
tape using a lancet. The tape is then crossed over the PC side of the slide with the
adhesive side making good contact, while trying to center the hole on the marked
flake. The PC is cut with a lancet along the edges of the tape after which the tape can
be removed from the slide, lifting only the PC it is covering. Finally, the tape is place
with the flake facing up (adhesive down) on the mask while aligning the hole with
the PDMS. Extra tape can be used to secure the tape with PC to the top side of the
mask.

The mask is now ready to perform a pick up. It is placed in a dedicated home-
made transfer stage that has the following characteristics: 1) the mask and substrate
can be moved relative to each other with micrometer precision in the x-, y-, and z-
directions, 2) the angle of the mask plane can be controlled, 3) the chuck supporting
the substrate can be heated has vacuum to contain the substrate, 4) the optics allow
for visibility of graphene through the mask. After aligning the flake on the mask with
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a target flake on a Si/SiO2 substrate and almost making contact5, the chuck is heated
up to ∼70 ◦C. While warming up, the area in contact increases gradually. After the
flakes are in contact, the heater is switched off and the contact area decreases as the
substrate cools down. The target flake is lifted of the substrate in the process and the
chuck can be retracted. The mask now contains a stack.

10 µm

a) b)

c) d)

Figure 3.3: Device in preparation, showing the various stages of building a stack on the PC
stamp and the final result.

The process of picking up flakes can be repeated if required. To release the PC

5This can easily be distinguished by microscope. Usually contact start at one side or corner of the
substrate and progresses as more pressure is applied.
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from the mask on can follow the same procedure as for a pick up until the heating
step. Now the temperature should be increased to ∼150 ◦C, after which the PC be-
comes more viscous. While heating the substrate and after making full contact with
the PC, the chuck is retracted. The PC will be released from the PDMS, but unless
the edges of the PC break (i.e. melt), it may still be pulled off the substrate. To
help break the PC the substrate can be moved in the x- and y-direction while care-
fully monitoring the edges. Holes will eventually start forming in the stretched PC,
which continue to grow until the substrate is fully released from the mask. The PC
on the substrate can be removed by rinsing in chloroform for 10 minutes. Additional
cleaning in a furnace at 330 ◦C in Ar/H2 (85%/15%) flow can be done, but is not
required for encapsulated areas.

A problem that may occur during transfer is for example a shift in the alignment
while making contact. To a certain extent this may be countered by moving the
substrate. Alternatively, the substrate can be retracted to start a new attempt, taking
the earlier shift into account. Also the release of the PC may give problems, risking
to remove the entire layer from the substrate and wasting the sample during the
deposition step6. When the PC will not break, it is best to increase the substrate
temperature further.

The main advantage of this method compared to Elvacite transfer is that a het-
erostructure can be fabricated while limiting the contamination between the different
layers. Also, one can easily place a stack on another substrate than Si/SiO2 since the
substrate does not need to contain the bottom layer. Still one issue can be the forma-
tion of bubbles within the stack. For critical device areas it is possible to etch out a
bubble free area[35].

3.3.3 Other transfer methods

There are also other ways to transfer a graphene flake onto a h-BN crystal. One
example is the wedging transfer method[36], where a hydrophobic polymer layer is
removed from a hydrophilic substrate by the intercalation of water. The polymer is
coated on top of graphene, which is also hydrophobic[37]. After the wedging, the
polymer film will float on the water surface, graphene facing down. It can be aligned
with a substrate and contact is made while the water level is lowered.

In another method graphene is exfoliated on PMMA, which is separated from
the Si/SiO2 substrate by a layer of aquaSAVE[30]. The water soluble aquaSAVE is
dissolved in a deionized water bath and the hydrophobic PMMA remains floating
on the water surface. The PMMA is fished out of the bath with a glass slide and the
transfer can be completed.

A method not involving a sacrificial polymer layer to support the graphene is by
using viscoelastic stamps[38]. Graphene can be exfoliated directly onto the stamp,

6Since the PC will be heavily deformed it can no longer be used.
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which in turn is supported by a glass slide. Then the transfer can be completed
by making contact between the graphene and the target flake or substrate and very
slowly retracting the stamp.

3.4 Device fabrication

With a heterostructure stack completed or a graphene flake selected, the next step in
fabrication is to deposit electrodes. Since it is assumed here that the substrate does
not contain markers yet, the first step will be to define these. Secondly the contacts
can be defined and deposited.

3.4.1 Substrate markers

Markers are required to ensure that the contacts end up in the correct location, since
this is determined by where the graphene or stack ended up on the substrate. The
substrate is spincoated with polymethylmethacrylate (PMMA, molecular weight 950K,
3% dissolved in ethyl lactate) at 4000 rpm and baked at 180 ◦C for 90 seconds. Differ-
ent PMMA 950K concentrations (2% or 4%) can be used if required. The right choice
is determined by the contact thickness.

Using a calibrated optical microscope, the position of the flake is determined
relative to a corner of the substrate. Photos of the sample including a scale bar are
taken. The GDSII design software for the Raith eLINE Electron Beam Lithography
system (EBL) is used to design marker patterns. A typical pattern consists of 4 large
crosses (sized 50 µm), marking the corners of a 1.9 mm by 1.9 mm square. Within this
area is a smaller cross mark pattern (sized 5 µm), marking the corners of a 190 µm
by 190 µm square. Both patterns are shown on an actual PMMA covered sample
in Fig.3.4. The markers will be used as reference points to design the contacts and,
during the EBL exposure, for write field alignment.

To help write the markers at the correct position of the sample, a freeware pro-
gram called glass2k is used. This software allows to make a program window trans-
parent and is used in combination with the GDSII software. Next the scale of the
now transparent design software is matched with the scale bar in the underlying
microscope picture of the sample. When done correctly, one can very accurately
determine the relative position of the sample corner to the intended center of the
marker pattern7.

After loading the sample in the EBL, it is important that the relative u,v coordi-
nates used by the system are correctly aligned with the real x,y coordinates to ensure
that the markers are written in the correct position. This only requires one point (e.g.

7It helps to directly draw the outlines of the sample edges and some particles the can be recognized
while scanning the sample in the EBL. These may serve as extra reference points.
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f)

Figure 3.4: CHANGE SUBSCRIPT a) Microscope image taken with 5x magnification. Large
50 µm cross marks spaced by 1.9 mm are visible near the corners. b) Microscope image taken
with 20x magnification. Small 5 µm cross marks spaced by 190 µm are visible near the corners.
The stack of h-BN and graphene is indicated by the arrow in both images.

the sample corner) to be defined in the u,v coordinates, along with an angle which
can be derived from the sample edge. After defining the u,v system, the marker pat-
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terns are exposed with a 10 kV electron beam, using a 60 µm aperture and area dose
of 150 µC/cm2.

Next, the exposed PMMA is developed in a 1:3 mixture of respectively methyl
isobutyl ketone (MIBK) and isopropyl alcohol (IPA) for 60 seconds. The sample is
then rinsed in IPA for another 30 seconds and blown dry with nitrogen. The ex-
posed part of the PMMA is now removed while the rest remains intact for further
processing. The images in Fig.3.4 are taken at this point in the fabrication process.
Since the missing PMMA can be imaged during EBL, the crosses will serve as marks
for further fabrication steps.

3.4.2 Contact exposure and development

With the PMMA covered sample containing marks, we can proceed with the contact
design. Since the substrate usually contains many undesired elements due to the
exfoliation process (mostly graphite or h-BN flakes in this case), it is important that
the contacts are carefully routed to avoid for example shorts due to graphite flakes
or disconnections due to thick h-BN crystals. The contacts end in large bond pads
(150 µm by 150 µm or larger) that are used for wire bonding. Spintronic devices
include an additional bar that should be visible by eye and is used to determine
the contact orientation. The easiest is to again use a transparent design window in
combination with the sample pictures. This time the windows are aligned in such
way that the design marks match the marks on the substrate, making it possible to
directly draw the contacts on the sample.

The exposure of the contacts is done using two steps. A 200 µm by 200 µm write-
field is used to expose the small contacts to the graphene, which is the most critical
part of the device. The exposure is done with a 10 kV electron beam, using a 10 µm
aperture and area dose of 150 µC/cm2. The dose is increased to 200 µC/cm2 for par-
ticularly narrow contacts (around 100 nm width) that are used for spintronic devices.
Secondly a 2000 µm by 2000 µm writefield is used for large contacts and bond pads
in order to speed the processing up. A 10 kV electron beam, 60 µm aperture and area
dose of 150 µC/cm2 are used. Due to the typical misalignment between apertures is
is important to carefully align the apertures before exposing the two sets of contacts.

The 10 kV acceleration voltage will help in creating an undercut in the PMMA,
but more importantly it is required to view the marks during the alignment steps.
A second requirement is that the inlens detector of the EBL is used. Viewing the
marks also exposes them, which may render the polymer marks less useful in follow
up steps. New marks are therefore included in the design when exposing contact
patterns. These become necessary in potential follow up steps, such as the creation
of etch masks, additional contacts or in case the contacts require corrections.

After the exposure, the contact patterns are developed in a 1:3 mixture of respec-
tively MIBK and IPA for 90 seconds. Alternatively, a 1:2 mixture (MIBK:IPA) and 70
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seconds development time can be used for less critical patterns. The development is
followed up by a rinsing step in IPA for 30 seconds and blow drying with nitrogen.
This concludes the EBL steps required to prepare a graphene device. During the next
processing step, the contact materials will be deposited on the substrate. This is done
directly after the development step.

3.4.3 Metal deposition

The deposition of thin metal films to create the contacts is done by electron beam
evaporation in a Temescal TFC2000. The sample is loaded into the system with the
polymer mask facing the crucible containing the target metal. The sample should be
aligned in such way that the surface normal points to the metal target. When the
system is pumped down to a pressure below 1×10−6 mbar, the target is heated by
an electron beam while the evaporation rate is carefully monitored.

There are two different contact types used for the devices measured in this work.
For spintronic devices a 0.8 nm Ti layer is first evaporated and oxidized, followed
by a 65 nm Co layer. For other devices a 5 nm Ti layer is followed by a 35 nm Au
layer. The most critical step is the evaporation and oxidation of the titanium layers
for spintronic devices. To ensure good oxidation of the layer, evaporation is done in
two steps of 0.4 nm each (rate 0.5-0.8 Å s−1). Each step is followed by exposure to
oxygen for 10 minutes at a pressure >1×10−1 mbar. The oxidation results in high
resistance barriers, typically in the 10 kΩ range, which are required for efficient spin
injection from a ferromagnetic metal into a semiconductor[39–41].

After the deposition steps, the sample is unloaded from the Temescal TFC2000
and rinsed in hot acetone (45 ◦C) for the lift-off step. The PMMA is dissolved and
the metallic contact patterns remain on the substrate. To assist in the lift-off, a pipette
can be use to flush away parts of the mask that are hard to remove. The use of an
ultrasonic bath is avoided as this may also remove the graphene or h-BN flakes.
Subsequent to the lift-off, the sample is rinsed in IPA and blown dry with nitrogen.

To finalize the device for measurement, the Si/SiO2 chip is glued to a chip carrier
using silver paste. A droplet touching the side of the chip is sufficient to electron-
ically contact the Si for use as a back gate. The bond pads are then wire bonded
to the chip carrier. Once the device is bonded, care is taken to avoid electrostatic
discharges which can destroy it. The device is now only handled after connecting
oneself to a ground. Spintronic devices in particular are immediately loaded into a
sample holder and kept at vacuum (<1×10−6 mbar) to avoid further oxidation of
the Co electrodes.
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3.5 Etching

3.5.1 Graphene etching

Additional etching steps can be included into the fabrication process in order to cre-
ate a specific graphene geometry, such as a Hall bar[1] or quantum dot[42]. Using
PMMA and EBL, one can create a mask on a graphene flake. The lithography recipe
for etch masks deviates from that for contacts at mainly two points. First, a more di-
luted PMMA is used (950K, 2% dissolved in ethyl lactate), yielding a thinner layer of
∼70 nm. Second, the acceleration voltage used in EBL is 30 kV with an area dose of
450 µC/cm2. The reduced PMMA thickness combined with increased acceleration
voltage will result in less undercut at the mask edges, which is important for small
etch structures.

Subjecting the sample to an O2 plasma for a short time will be sufficient to re-
move the graphene, as we did for example to control the flake width of spintronic
devices[43]. This is done using reactive ion etching (RIE) at 40 W, an O2 flow of
9 sccm and pressure of ∼2×10−2 mbar (9 µbar offset above base pressure). An etch
time of 15 s will remove the unprotected graphene layer. Longer etch times may be
used, but care should be taken as the PMMA mask will etch much faster than the
graphite layers. After the etch step is completed, the mask can be removed from the
sample in hot acetone (45 ◦C) followed by rinsing in IPA for 30 s and blow drying.

0.5 µm

a) b)

Figure 3.5: a) SEM image of an etched graphene constriction. b) Resistance measurements on
the constrictions sweeping both the Si backgate and one of the sidegates.

An example of an etched graphene flake is shown in figure 3.5 a). Lines (dark
grey) are etched from the graphene (light grey), creating a narrow region. The graph-
ene areas that have been cut loose from the main flake can be put to use as extra side
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gates, the Au contacts are clearly visible (white). The plot in figure 3.5 b) shows
back gate sweeps of the graphene resistance for various side gate values, using only
a single side gate. The splitting of the Dirac peak is a clear indication of the two
differently gated regions.

To achieve etched geometries that require more precision, such as quantum dots,
one may limit the EBL exposure of the PMMA mask to single lines only. Using an
acceleration voltage of 30 kV and dose of 1200 µC/cm, one can achieve single lines as
narrow as 20 nm with good reproducibility as shown in figure 3.6 a). By reducing the
total exposed area, small features will suffer less from the proximity effect8 common
for EBL. An example of what can be achieved this way is shown in figure 3.6 b).

a) b)

100 nm

1 µm 100 nm

a) b)

Figure 3.6: a) SEM images of EBL exposed and developed lines in PMMA (dark grey), the
inset shows a close up. The PMMA is covered with a 5 nm thick Au layer for better visibility.
b) SEM image of an etch mask example for a quantum dot structure.

3.5.2 Heterostructure etching

While O2 plasma will easily etch graphene, it is of little use for h-BN. Alternatively,
Ar ions will effectively bombard the to be etched structures and can be used instead.
In order to withstand the etching, a stronger etch mask is required. The resist used is
hydrogen silsesquioxane resist (HSQ, FOx-16 Flowable Oxide), dissolved to 10% in
MIBK. The HSQ is further diluted in MIBK with a respective ratio of 1:7, after which
spincoating is done at 3 krpm for 60 s without subsequent baking. EBL is done with
an acceleration voltage of 5 kV and area dose of 50 µC/cm2. Since HSQ is a negative
resist, the exposed structures are those that will remain after etching. Development

8Scattered electrons will add to the effective dose of nearby structures.
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is done in MF-CD-26 for 90 s, followed by deionized water for 60 s, acetone for 60 s,
IPA for 30 s and blow drying. The resulting HSQ mask thickness is ∼50 nm. An
example of a stack covered by an HSQ etch mask is shown in figure 3.7 a).

The etch step using RIE is done with a mixture of O2 and Ar, using respective
flow rates of 10 sccm and 5 sccm and a power of 100 W. It is important to realize that
the etch rates for the Au contacts and SiO2 substrate are considerably higher than
that that of BN. For comparison, SiO2 etches ∼3.5 times faster and Au ∼16 times
faster than BN[44]. This means that in particular care should be taken not to fully
etch away the electrodes. Figure 3.7 b) shows the resulting device after etching for
15 minutes.

a) b)

10µm

Figure 3.7: a) A 4-layer stack on SiO2 of graphite, h-BN, graphene and h-BN from bottom
to top. Both h-BN layers have a thickness of 9 nm. An etch mask (Hall bar) made of HSQ is
located between the contacts. The initial thickness of the contacts is 5/65 nm Ti/Au. b) The
same stack as in a) after the etch step, the Hall bar is now clearly visible.

3.6 Measurement setups

After completing the fabrication steps and wire bonding the sample to a 24-pin chip
carrier, it is mounted and loaded into a measurement setup. Various setups have
been used for spin- and charge transport measurements, but they have the most
important aspects in common, as indicated in figure 3.8.
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Figure 3.8: Schematic of the measurement setup.

In all cases the sample is mounted in a small vacuum chamber (<1×10−6 mbar).
For low temperature spintronic measurements this is a continuous flow cryostat, us-
ing either liquid nitrogen for temperatures of∼77 K or liquid helium for∼4 K. When
only room temperature measurements are concerned, the vacuum chamber consists
of a simple can. The chamber is placed between the poles of a rotatable electromag-
net. The configuration of the sample and magnet is such that magnetic fields can be
applied perpendicular to the sample plane or in plane, depending on the rotation
angle. Alternatively, the sample holder is mounted in a dipstick. The dipstick can
be placed in a cryostat, allowing only for high magnetic fields perpendicular to the
graphene flake.

The sample holder is connected through a shielded cable to a custom-made switch
box. This box is used to patch the various current and voltage probes to specific con-
tacts on the graphene device. Typically, one pair of contacts is used to apply a voltage
to the back gate, one pair is used to source a current to the graphene and one to three
pairs are used to detect voltages on the graphene. The gate voltage is applied us-
ing a Keithley 2410A, that is directly controlled by a PC through a GPIB cable. The
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other cables are connected to the IV meetkast. Each contact in the patch panel can
individually be grounded, floating or connected using a switch. Also, each contact is
connected through a pi-filter fitted inside the switch box to filter out high frequency
noise. These also effectively add a 1 kΩ resistance to each cable connected to the
sample.

The IV meetkast contains the current source, that is controlled by a lock-in am-
plifier (SR-830). It also contains three modules to amplify (1x to 105x) the measured
voltage signals. One lock-in is used to set the amplitude and frequency applied to
the current source, and as the reference signal of the other two lock-ins. Each lock-in
is then used to detect one of the three returning voltage signals. The read out of the
lock-ins is done with the PC through a GPIB cable. Separately, if a magnetic field is
involved in the measurement, the magnet current source is PC controlled.
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