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Details on fabrication

Appendix: Details on
fabrication

This thesis comprises of experiments with devices that require completely different
fabrication schemes. Here, I would like to give a brief overview of the recipes and
other relevant details for every fabrication step, categorized per piece of equipment.
There will be special attention to the processes that are not so often used in the
group.

DUV lithography

DUV lithography has been used in many of the devices to design millimeter-sized
features in order to reduce exposure time for EBL. The mask for these large-area
exposures has been designed by previous members of the group to pattern conducting
samples and it has two separate patterns on it. The first pattern is that of 22 contact
pads and leads, which define a writefield pattern in the center of 100×100 µm2 that
can be easily accessed by EBL. Furthermore, large markers at the corners of the
contact pattern as well as small markers around the writefield are included in order
to have a proper alignment in subsequent steps. The second pattern is the etch pattern
in order to electrically isolate the contact leads. This pattern basically consists of a
small square covering the middle of the pattern. The rest is exposed and can be etched
way in a later step. The leftover square in the center can be patterned by defining
etch lines by EBL. Additionally, there are patches masked around the contact pattern
such that characterization of the layer can be done after the full fabrication cycle is
finished.

The photoresist that is used for exposures with DUV light is PMMA, a conve-
nient polymer that has been used a lot for EBL1. Here, a 4% solution is used from
Allresist (AR-P 679.04), which under normal spincoating conditions (4000 rpm for 1
min.) results in a layer thickness of ∼300 nm. To improve the lift-off efficiency in
subsequent deposition steps, a lift-off resist (LOR-3A) is added prior to spincoating
of the photosensitive PMMA layer, which also gives a layer with thickness of about
300 nm. The baking steps in between spincoating utilize a temperature lower than

1Earlier, the photoresist ZEP520a has been used, which also serves as an e-beam resist. However,
during spincoating often bubbles appeared, pointing to contamination of the solution that can be
related to the age of the solution.
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standard (180◦C). To protect the sensitive topological insulator2, a temperature of
100◦C is used, which does not give a loss in resolution (also not when using EBL).
Then, the sample is exposed for half an hour using the EVG-620 DUV mask aligner,
available in the Nanolab cleanroom, Groningen. Typically, six contact patterns can
be designed on one 5×5 mm2 substrate. Development of the PMMA layer can be done
along the same lines as that for EBL-exposed structures, i.e. 1 minute in MIBK:IPA
(1:3) and 15 s in IPA to stop the development3. To create a proper undercut in the
non-photosensitive LOR-3A layer, the polymer is etched away by a CD26:DI (1:2)
solution in 15 s and the etching is stopped by immersing the sample in pure DI water
for about 10 s. A dilution for the etching solution is required to have a better control
and reproducibility of the etching.

UV lithography

UV lithography has been used to define Hall bar patterns as used for the high-field
magnetotransport studies as well as to realize hot-electron transistors as discussed in
chapter 3. Both masks and resulting device structures have been discussed extensively
in the corresponding chapters. The polymer PMMA is not sensitive to UV light and
therefore OiR 906-12 from Fujifilm is being used, which yields a layer thickness of
about 1.2 µm under normal spincoating conditions. Typical exposure times vary
between 5 and 30 s, but do not really lead to overexposure while using such big
structures. Development is done by immersing the sample in water-based solutions
with a low amount of TMAH (OPD 4262) for 1 min. and then is immersed in pure
DI water to stop the development for about 10 to 30 s.

As was planned for some experiments, a negative-tone photoresist was tested. For
that, I developed a recipe based on the resist Ti35ES, which can be found below:

� Bake sample at 120◦C for 10 min.

� Spincoat Ti35ES at 4000 rpm for 40 s (no HMDS was used)

� Bake sample at 95◦C for 2 min.

� UV exposure for 22 s (exact time is not crucial; not much difference with 24 s
exposure time was found)

� Outgas for 1 h on wetbench (this time was not optimized)

� Bake sample at 125◦C for 4 min. Crosslinking step. The time for this step is
detrimental for the next flood exposure step

� Flood exposure for 2.5 min.

� Development with OPD 4262 for 90 s. If the development does not work then
increase the flood exposure time, not the development time

2Optically, damage at the surface was observed when baking at 180◦C.
3Due to the optical character of the lithography step, chances on overdevelopment are rather

small.
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This process yield patterns that are not that sharply defined around the edges,
which is most probably related to the tone of the resist.

Electron-beam lithography

In order to create structures inside the 100×100 µm2 writefield of the pattern designed
by DUV lithography, EBL has been used to realize micrometer-sized geometries. For
that, PMMA 950K in 3% and 4% solutions have been used where there have not
been any issues with the resolution for the thicker solution. These e-beam resists
have been spincoated under normal circumstances and baked at 100◦C again to avoid
damage to the topological insulator. Since the material was grown on insulating
substrates, Aquasave from Mitsubishi has been used to avoid charging effects and
reduce proximity effects on the substrate when etching on the samples already has
been performed. This layer was usually spun at higher spinning speeds of 6000 rpm
to have the layer as thin as possible.

Exposure of the sensitive PMMA layer has been usually performed using a 30
kV acceleration voltage with an illumination dose of 450 µC/cm2 (unless otherwise
mentioned in the thesis). For the smallest structures, aperture sizes of 7.5 or 10 µm
were used and for larger structures sizes of 30 or 60 µm. Alignment of the different
exposure steps was performed by a 3-point alignment using the big markers and an
automated marker scan using the markers close to the writefield to optimize any small
misalignments. The markers usually consist of Ti(5)/Au(70) and are defined by DUV,
which gives a good contrast with the electron microscope inside the EBL system. For
flake-based devices as in section 3.3.2, markers were defined by EBL to localize the
flakes for later lithography steps.

Electron-beam evaporation

The layers on top of the topological insulator material are all grown by electron-beam
evaporation, mainly using the Temescal FC-2000. Simple contact leads have usually
been made from Ti(5)/Au(70) at a rate of 1–2 Å/s at pressures ≤1.5×10−6 Torr. The
pressure is manually lowered by increasing the waiting time before opening the target
shutter to deposit Ti, which acts as a getter here. Other metallic layers have been
grown with similar parameters.

Thin layers of TiOx or AlOx, serving as tunnel barriers were grown by depositing
pure Ti or Al films in steps of 0.7 Å with a rate of 0.5 Å/s and oxidized by application
of an O2 flow subsequently. In the case of when a metallic layer is directly below the
film to be grown, plasma oxidation can be used to improve the properties of the
tunnel barrier, as is done for the hot-electron transistors. The deposited thickness is
controlled by manual control of a sample shutter, taking into account the deposition
rate measured by the crystal monitor.
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Reactive-ion etching

To electrically separate patterns, parts of the Bi2Se3 were etched away by reactive-ion
etching (RIE). Bi2Se3 is a volatile material and therefore can be easily removed by
an Ar plasma. For the processes described in this thesis, an RF power of 40 W has
been used under an 13 sccm Ar flow at a pressure of 0.01 mbar, which yields an etch
rate of ∼10 nm/min. for Bi2Se3. Usually, 0.5–1 min. is additionally included to
make sure that everything it etched away. Any spurious effects on overetching with
respect to the substrate have not been observed. Considering the commonly used
polymer PMMA, the resist shows a slow etch rate under such conditions but can be
more difficult to remove afterwards due to partial crosslinking. Removal by hot NMP
instead of acetone is then recommended.

Ion-beam etching

For some trials, ion-beam etching at the MESA+ Nanolab has been performed. At an
accelerator voltage of 300 V, an etching rate of about 20 nm/min. is found for Bi2Se3,
using an orientation angle of -20◦ and rotation speed of 5 rpm. Other parameters
are largely automatically controlled and have not been optimized for my processing.
Increased yield of crosslinking of the PMMA layer is present.
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