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Chapter 4

Methods

Abstract

This section describes the experimental methods used to fabricate the devices studied in
this thesis and the electrical measurements which are used to obtain the data described in
the following chapters.

4.1 Sample fabrication

4.1.1 Exfoliation of two-dimensional materials

The monolayer and bilayer graphene flakes used in this thesis are obtained using the
so-called scotch tape technique [1].

• Graphene films are isolated by peeling graphite from highly oriented pyrolitic
graphite crystals (HQ graphene) directly on regular tape. This is achieved by
gluing the HOPG crystal directly on the scotch tape (for this thesis regular Pritt
tape is used).

• After this, thin graphite pieces are cleaved from the first tape using a specific
tape in successive steps to fill an area large enough for scanning with the de-
sired density. This is achieved by gluing the scotch tape to the specific tape
multiple times until the specific tape is fully covered. The tape used is the
1005R from Ultron Systems Inc and it leaves less residues than the standard
tape.

• Once the special tape is fully covered, the graphite is transfered to the desired
substrate. In this thesis we have used highly doped Si wafers with a thermal
oxide layer. For this final transfer the tape is glued on a pre-heated substrate
(at a 180◦ furnace) for approximately a minute so that it cools down to sepa-
rate the tape from the substrate. Hexagonal boron nitride and TMD (from HQ
graphene) are exfoliated using the same technique.

• The next step is to identify the thinnest flakes. This is done using the optical
contast [2, 3] as shown in Figure 4.1. There, monolayer, bilayer, and thicker
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graphite are shown on a substrate with 300 nm thick SiO2. TMD is also exfoli-
ated on 300 nm SiO2 like thick hBN flakes. However, few layer hBN films are
exfoliated on 90 nm thick SiO2 to enhance the contrast.

10 µm 300 µm5 µm

(a) (b) (c)

I

I

II

II

II

Figure 4.1: (a) Optical microscope image of monolayer and bilayer graphene (labelled as I and
II respectively) on 300 nm SiO2. (b) and (c) Scanning electron microscope images of a device
after measurement. The brighter contacts in (b) are Ti/Au and the darker ones TiOx/Co/Al.
(c) Big contact pads with the bond wires used to connect the sample to the chip carrier.

4.1.2 Dry pick-up technique

To improve the device quality (Chapters 5 and 6) and induce proximity effects (Chap-
ter 8) it is required to transfer the flakes of different materials on top of others in a
deterministic way. The optimal way to do this is to use a dry pick-up technique [4, 5].
In such technique a polymer (in our case poly (bisphenol A) carbonate (PC)) is used
to detach the flakes from the substrate. Once there, van der Waals interactions are
used to pick-up other flakes. The process is shown in Figure 4.2.

• A film of PC is placed on a PDMS stamp which is on a glass slide. The PDMS
stamp provides flexibility to the mask while keeping it flat and thin enough to
obtain the optical microscope images required to align the flakes.

• The flake to be placed on top of the heterostructure (in this case hBN) is placed
in contact with the PC, that is heated up to a temperature between 60 and 90 ◦C.

• The substrate and mask are cooled down and the mask is detached by thermal
retraction and mechanical movement of the glass slide. The flake sticks now
on the PC. This process can be repeated multiple times.

• To deposit the stack the PC film is melted on the substrate where the bottom
flake is placed. The first step is to align the flakes using the optical microscope.

• Then, after making contact by heating the sample up to 60-90 ◦C, the stack
is heated up to temperatures higher than the melting point of PC, that is of
147 ◦C, to make sure that the PC film melts.
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Figure 4.2: Sketches describing the dry pick-up technique. (a) Transparent mask where flakes
are picked up. The top flake is on the SiO2 substrate. (b) and (c) Pick-up process. (d), (e) and
(f) Deposition of the stack.

• The glass slide is retracted once this temperature is reached. After this process
the PC gets detached from the PDMS.

• The last step is to dissolve the PC in chloroform for 15 min, followed by 30 s
in isopropanol and drying using a dry nitrogen gun. This step is followed by
annealing in an Ar/H2 atmosphere at 350 ◦C for 1-12 h.

4.1.3 Contact preparation

Electron beam lithography

To carry out electrical measurements, the electrical contacts have to be defined. Since
our flakes are obtained from exfoliation every sample is different and requires an
adapted contact design. This is done by using electron beam lithography (EBL),
which is based on the controlled exposure of a resist to a focused electron beam.

• The first step is to spin coat the electron beam resist, which in our case is
PMMA 950K 4%. The spinning speed is 4000 rpm and the time 60 s. The
resulting PMMA thickness is of 270 nm approx.
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• The next step is to realize a mark at the edge of the sample by scratching the
PMMA film with the tweezers at a distance of roughly 1 mm from the active
device. This distance guarantees that the scratch and the device fit in a 5x
microscope image.

• A microscope image that contains the device and the scratch is taken with the
sample aligned at the same angle as it is going to be loaded in the EBL setup.

• The sample is loaded in the EBL to expose the markers, the desired marker
position is determined with respect to the scratch using the microscope image.

• The PMMA is developed in a beaker with a mixture of isopropanol(IPA) and
MIBK (metyl isobutyl ketone) (3:1) for 60 s. The process ends placing the sam-
ple for 30 s in IPA and drying it with a nitrogen gun.

• 5x, 50x and 100x images are taken to design the contacts with the markers as a
reference.

• The contact pattern is designed using the microscope images above. The pat-
tern is separated in two write fields. The small one shown in Figure 4.1(b),
which is exposed with a 10 kV, 10 µm aperture, and a big write field, shown in
(c), exposed with a 60 µm aperture and the same acceleration voltage. The areal
dose factor is of 150 µC/cm2 and a dose factor of 1.8 is included for the large
contacts. These parameters typically guarantee full removal of the PMMA in
the exposed areas and an undercut at the PMMA edges (see Figure 4.3(a) and
(b)).

Evaporation of ferromagnetic contacts with TiOx tunnel barriers

After developing the exposed PMMA, the next step is to evaporate the contacts. For
spin polarized contacts, to achieve efficient spin injection in graphene, thin TiOx

tunnel barriers are evaporated. This is done in two steps:

• A 0.4 nm film of Ti is evaporated at a pressure below 1×10−6 mbar and a de-
position rate of 0.07 nm/s.

• The Ti film is oxidized in an oxygen atmosphere with a pressure between 1 and
20 mbar.

• The two steps above are repeated to obtain an oxide barrier with a thickness of
approximately 1 nm that yields contact resistances lower than a MΩ.

• Electron beam evaporation at a pressure below 1×10−6 mbar is used to obtain
Co films at a rate of 0.1 nm/s with thicknesses ranging from 35 to 65 nm.
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• At the same rate and vacuum, a 5 nm-thick Al layer is evaporated to protect
the Co from oxidation.

Evaporated oxide barriers have pinholes which limit spin transport. In Chapters 8
and 9 bilayer and trilayer hBN tunnel barriers are used respectively to achieve higher
spin polarizations [6]. In this case TiOx barriers are not evaporated and the process
starts directly with the Co evaporation.

Lift-off

After film evaporation, the PMMA with the metal on top needs to be removed. This
is done in two steps:

• The sample is kept for 10 minutes in hot acetone below the boiling point, which
is at T<56 ◦C. To lift-off the metal either a pipette is used by carefully stirring
on the sample.

• Once the metal on PMMA is fully removed the sample is taken out of the ace-
tone beaker and, without letting the surface dry, it is placed in an IPA beaker
for 30 s.

• The sample is dried using a nitrogen gun.

After this step the device fabrication is complete and the sample can be bonded to
a chip carrier. This process is done using a wedge bonder to realize the electrical
measurements (see Figure 4.1(b) and (c)).

(a) (b) (c) (d)

PMMA

SiO2/Si

Figure 4.3: Contact preparation. (a) The sample with a PMMA film on top is exposed to
the electron beam. (b) The exposed PMMA is removed after the development process and
shows an undercut, which is required to achieve a good lift-off. (c) The desired materials are
evaporated on the sample. The evaporated films on the exposed PMMA are disconnected
from the ones on the PMMA. (d) The PMMA is removed using acetone. A top view of a
completed device is shown in Figure 4.1(b) and (c).

4.1.4 Etching of graphene/hBN stacks using a hard mask

To perform acurate measurements of the channel resistance usually one needs to
place the contacts out of the current path. The best way to do this is to make devices
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with a Hall bar shape. Since the exfoliated stacks do not have this shape, one has
to etch the stacks after transfer. Before this step, the Hall bar geometry is defined.
Exposure of PMMA to the etching plasma for the required times leads to PMMA
cross linking. This is avoided using 20-25 nm thick Al hard masks fabricated using
the procedure described in Section 4.1.3. The etching is carried out using CF4 plasma
etching using a reactive ion etching system at a power of 60 W. The resulting etch rate
for hBN is around 1 nm/s.

After this step, we remove the Al mask the following steps: The sample is placed
in a beaker with a tetramethylammonium hydroxide containing developer (MF-CD-
26) for 2 minutes, followed by 30 s in water to remove the MF-CD-26 and 30 s in
isopropanol to remove the water. Finally the sample is dried with a dry nitrogen
gun. This results in complete removal of the Al film. The evaporation of Ti/Au
electrodes after EBL on the etched devices leads to formation of low resistive 1D
edge contacts to the graphene film [5].

4.2 Electrical measurements

The samples used here are characterized in a cryostat in high vacuum (p < 10−5 mbar)
to prevent the oxidation of the Co contacts. The set-ups also have electromagnets
which can supply magnetic fields in-plane and out-of-plane and allow for measure-
ment temperatures from 3 to 400 K. Electrical measurements are performed using
the low frequency AC lock-in technique. In particular, we use the SRS830 model
from Stanford Research Systems. To apply AC currents to our samples we use an IV
measurement box that has a voltage to current converter, and several voltage ampli-
fiers, see Figure 4.4. Gate voltages are applied using Keithley 2410 DC sourcemeters
which we do not connect to the IV measurement box. To make connections to the
sample in a safe way we use a switch box that has low pass filters1 which are placed
between the switches and the sample. To characterize our devices we use several
different geometries which allow us to obtain the resistances of the different parts of
the sample. Unless stated otherwise, in this thesis, the I− contact is grounded while
the voltage in the I+ contact oscillates at the input frequency.

• Two probe measurements are realized by connecting two contacts of the sam-
ple to the current source and the voltage probes in parallel. In this case, if
we connect the probes between arms 1 and 2 in Figure 4.4(b) the resistance
measured is R = V/I = 2RL+F +Rc1 +Rc2 +Rch. This geometry is used to
determine which parts of the sample are connected.

1In some setups the filters are made out of π filters and 1 kΩ resistors (see References [8] and [9] for
more details) and in some others there is only a capacitor to ground. However, we did not see any dif-
ference between measurements in both systems in our frequency window other than the need to subtract
the filter resistance when corresponding.



4

45

sample

IV  meas. box

Vo ViV+ V-

Rch Rch Rch

Rc1

RL+F

Rc2

RL+F

Rc3

RL+F

Rc4

RL+F

1 2 3 4(a) (b)

I+I- V+ V-

switch box

lock-in SR 830
K2410

f f f f f

f =
Connected

Floating
SampleGrounded

(c)

Figure 4.4: (a) Schematics of the measurement setup used in this thesis. A reference AC volt-
age sourced by the lock-in is converted into a current Iout = A · Vin by the IV measurement
box, where A = 10 nA/V-1 mA/V is the conversion factor. This current is applied to the
sample via the switch box. The voltage measured from the sample is measured via the switch
box using the IV measurement box that amplifies it by a factor that goes from 1 to 105. The
output from the amplifier is returned to the lock-in, that analyses the component at the same
frequency as the reference signal. To apply DC voltages to a gate or currents to the sample, we
use a K2410 sourcemeter. The lock-in and Keithley are controlled by a computer that allows
us to automate the measurements. (b) Schematic of the resistances present in a typical mea-
surement. RL+F = RL +RF is the wire and filter resistance respectively, RC is the contact
resistance and Rch the channel resistance. (c) Simplified schematic of the switchbox with the
π filters that have a cutoff frequency of 1 kHz.

• To determine the contact resistances we use three probe measurements, which
are realized by applying a current between contacts 1 and 2 and measuring
the voltage between arms 2 and 3. In this case the measured resistance is
R = RL+F +Rc2.

• Local four probe measurements are realized by applying a current between
contacts 1 and 4 and measuring the voltage between contacts 2 and 3. In this
case the measured resistance is R = Rch. The contact resistances of 2 and 3 do
not contribute because there is no current in these arms and this geometry is
used to determine the channel resistances.

• Nonlocal four probe geometry. In this geometry we apply a current between
contacts 1 and 2 and measure the voltage between 3 and 4. According to the
circuit here this would give a zero resistance. However, as explained in Chap-
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ter 3, it is useful to measure spin signals when a spin accumulation is present
in the channel.
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