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Abstract

III-V nanowires such as InAs, exhibit great carrier mobility, which makes it a suitable material
for transistors. InAs also shows low contact resistance and sufficient interfacial quality for high-k
dielectrics, making it of great interest for reasearch. In this thesis, the nanoskiving technique has
been used to explore a relatively new platform for quantum electronics. Initial device fabrications
indicated to some extend the applicability of this technique, however due to the nanowires’ require-
ment to be embedded in an epoxy polymer, the epoxy proved difficult to handle. Indications of
residual epoxy on top of the nanoskived samples appeared to be detrimental for device fabrication,
which resulted in several tests of the epoxy performed by plasma ashing, and heating in order to
investigate the extend of issues that the epoxy brings. Ultimately, it appeared that contamination
of the epoxy was the reason for difficulties during the device fabrication, however this still remains
to be seen.
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1 Introduction

Semiconductor nanostructures have attracted plenty of attention due to their unique physical prop-
erties towards technological applications, and in particular III-V nanowires because they exhibit
intrinsic high carrier mobilities[8], gateability[47], as well as high surface-to-volume ratios, which
makes them attractive for high performance sensers. Especially, InAs attracts attention due to its
direct band gap and high electron mobility making it a promising candidate for nanowire-based
transistors, and photovoltaics.[58]

The strive for development of nanowires to be incorporated into large scale devices requires,
control of shape, sizes, and control of position of devices in form of arrays. In addition a reproducible
and reliable method of method is required providing viable alternatives in terms of cost.[3] Hence,
the nanoskiving approach with the ability to cut several lamellae containing a structured and
flexible array of nanocrystals for devices purposes can potentially provide an alternative route for
scalability.

Several uses of the microtome for nanowire characterization has been done[12, 56], however
despite in ref [41], the use of nanoskiving towards quantum electronics is still unexplored.
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2 Electron transport phenomena

The two main electron transport phenomena observed in this work are that of a quantum dot, and
Fabry-Pérot interferrometer.

2.1 Quantum dot

A quantum dot is a small confined region in space, which is able to contain a finite number of
electrons. For a structure to exhibit this property some conditions are required. The quantization
of electrons on the quantum dot requires sufficiently large tunneling barrier, which is to say that
the system needs to be weakly coupled to its surroundings, e.g. leads.

This translates into the energy required to charge the dot by one electron needs to be much larger
than the energy uncertainty. As a consequence, by means of heisenberg’s uncertainty principle, the
tunneling resistance must be

Rt >>
h

e2
(1)

Hence, this implies that the system has to be deep in the tunneling regime.there is a charging
(or discharging) time for an electron, meaning the electron has a lifetime. In other words, low
uncertainty of where the electron is.

A second important criteria is that the charging energy must be much larger than the thermal
energy

EC =
e2

C
>> kBT (2)

This condition can be fulfilled by having a small dot, as the self-capacitance of an object is
directly proportional to its size. If the temperature is small compared to the single-particle level
spacing then quantized energy levels can contribute to the conductance.

However, such systems in general require the dimension of the system to be small enough for
the confinement energy to dominate.

Due to the dot being capacitively coupled to its surroundings a plunger gate can continuously
change the electrostatic potential in contrast to the discontinuous charging energy an electron
provides by means of tunneling on or off the dot. A qualitative description of a quantum dot is
depticted in Fig. 1. In a small bias window, which depend on the differences of the source and
drain chemical potentials, electron tunneling is on resonance when an energy level is within the
bias window (a). By electrostatically gating the energy levels can be shifted in energy. A positive
voltage will pull the chemical potential down. When there is no energy level within the bias window,
we talk about Coulomb blockade, and the tunneling is suppressed (b). Further electrostatic gating
will eventually result in an energy level yet again entering the bias window (c).

This qualitative description forms the basis for the Coulomb blockade phenomenon. Further-
more, by increasing the bias window in the coulomb region, the bias voltage at which current starts
flowing again is the energy between the individual levels, called the addition energy (i.e. the energy
required to add/remove an electron to/from the dot) and is a combination of Eadd = e2/C+∆E the
charging energy and the confinement energy that is the level spacing ∆E. Since the gate voltage
changes the electrostatic energy on the dot, also this quantity can change the occupation of the dot
by
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Fig. 1: Qualitative depiction of a quantum dot.The quantized energy levels on the quantum
dot can by means of electrostatic gating be modulated. In (a) the energy level is within the bias
window, which result in single electron tunneling from the the lead to the dot. In (b) the energy
level µN is occupied, and tunneling is suppressed. In (c) further positive gating result will eventually
pull the energy level of µN+1 into the bias window where tunneling once again is possible

∆Vg =
C

eCg
· (∆E + e2/C) (3)

where C/Cg is the conversion factor, C is the total capacitance of the system, Cg is the gate
capacitance, and inside of the parenthesis is the addition energy.

Hence, varying both the bias voltage and the gate voltage, is able to form bias-spectroscopy
plots of Coulomb diamonds.
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Fig. 2: Cyclic motion. The schematic depicts the repeating cycle of the sample holder motion.
In ints initial position it advances towards the knife, and then moves downards. Within the set
cutting window (purple arrow), the speed of the motion declines to the one that is desired. If the
sample is close enough to the diamond knife, the knife will cut a section off it producing a lamella.
Afterwards the sample retracts, and starts the process all over.

3 Microtomy

The Leica Ultracut UCT Microtome is an instrument routinely used to prepare biological samples
for electron microscopy investigation. It requires embedding of the sample in an epoxy resin to-be
hardened, followed by sectioning with a diamond knife. The power of the Microtome is to prepare
extremely thin sections, or lamellae, in the nanometer range of 10 nm to 200 nm with a highly
precise increment movement of the attached knife.

3.1 Tool setup

The instrument consists of three major components: One, is the knife stage which is a static stage
once the automated process of sectioning is going, the other is the sample holder, which moves in
a cyclic motion going up and down while also moving horizontally in the direction of the knife.
The third is the stereoscope which is angled with respect to the built-in light source such that the
observed color of the sectioned lamella represents a certain thickness.
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3.2 Microtome working principle

The basic working principle of the microtome is illustrated in Fig. 2. The illustration is simplified
as there is no water depicted in the knife boat, and since the actual motion of the sample holder
is elliptical, and does not move in straight lines. Nevertheless, the sample is loaded in the sample
holder, which moves in a repeated cycle of advancement towards the diamond knife, followed by
a downwards motion moving past the knife. If the sample is sufficiently close, then a section will
be cut from the sample, which will then float on the water. The sample holder then retracts away
from the knife. The movement is then repeated.

The cutting window is manually set on the microtome console. It is in this window, where one
expects the knife to cut through the sample with a regulated speed also set on the console. After
a lamella has been cut the interference of the light source with the lamella and water result in a
certain color which can be translated into an approximate thickness. A golden color is typically an
indication of a lamella thickness of 100 nm.

3.3 Alignment Procedure

The alignment procedure requires as clean and reflective surface on the sample block face, since
the reflection of the diamond knife edge is used for alignment. As depicted in Fig. 3, two types
of alignments are required to adjust. There is a horizontal alignment, which reqmuires the knife
edge to be parallel to the block face surface. In order to do so, one needs to align the knife edge
reflection such that it is parallel to the actual knife.

The second type of alignment is a vertical one. Here the sample is aligned with respect to the
knife, and is done by rotating the sample as illustrated by the arrows, on the right-hand side of the
figure. The side views illustrates this point. The front front views corresponds to the shown side
views. The vertical alignment also requires attention to the reflection, where one needs to look out
for whether the dark area stays in size across the block face, or whether it appears to be ”growing”.
If growing one needs to accommodate that by adjusting the sample in the opposite direction of the
dark area growth.

4 Preparing nanowires for nanocrystal devices

The process of manufacturing cross-sections (CSs) of nanowires (NWs) for quantum devices consists
of several steps even before traditional fabrication processing can occur. The NWs has to be
prepared, which requires manual cleaving of the growth substrate (1) in order to fit the samples
into the silicone mold used for embedding (2) of the NWs in an epoxy resin, which subsequently
has to be baked (3) for hardening of the resin matrix.

At this point the sample is ready for microtomy. Here, the sample needs further manipulation,
which consists of (4) removal of the growth substrate in order to get access to the embedded NWs,
followed by (5) the actual cutting process of the them.

The sample can then be (6) transferred to various kinds of substrates, such as the device
substrate. At this point, the sample has been fully prepared and all that is left, is to fabricate the
devices (7).

In this chapter a detailed description of the entire processing and manipulation of NWs into
cross-sectioned NWs is accounted for, starting with the very first step: Nanowire preparation.
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Fig. 3: Sample alignment. One distinguishes two different alignments. The first one is depicted
on the left-hand side. Here the knife is rotated horizontally, and the resulted reflection of the knife
edge (black area) is projected onto the block face of the sample accordingly. The grey color scheme
on the block face is the reflection of the water in the trough. On the right-hand side, the second
type of alignment is depicted. Here one adjusts the vertical alignment of the sample with respect to
the knife, by means of observing the reflection on the block face. Is the sample aligned as depicted
in the side views, then the knife edge reflection will ”grow” as the sample is moved past the knife.
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Fig. 4: Cleaving the growth substrate. In (a) an InAs ⟨111⟩B quarter-inch wafer is displayed
with green squares representing several even smaller NW arrays, as indicated by the dashed, black
square, which consequently is enlarged in (b). The desired target NW array is scribed, and subse-
quently cleaved along the wafers crystal planes, resulting in a small piece of the substrate (c) not
much larger than ∼ 2× 2 mm. The red dashed lines represent cleaving

4.1 Sample preparation of nanowires

The preparation of the NWs entails affixing them into a polymer matrix in order to stabilize the
free-standing NWs upon cutting them into cross-sections. Hence, entire pieces of the InAs ⟨111⟩B
growth substrate is cut into smaller pieces of ∼ 2×2 mm. Inside of such an area, are 25 even smaller
arrays, each with an approximate size of ∼ 250× 250µm. Each of these 25 arrays are similar, but
vary in one aspect. For the case of NWs grown in close proximity to each other, the inter-NW
distances was varied in order to find optimal parameters of conjoined NWs.

As a result a manual scriber with a diamond head is used to make scribe marks along the
direction of the crystallographic planes as indicated in Fig. 4. On a quarter-inch wafer containing
various NW arrays, the target array is located (a) and consequent scribe marks are made as denoted
by the dashed red lines in (b). A single scribe line in either direction applied with the highest force
is sufficient in order to easily cleave the marked arrays into pieces of proper sizes (c).

The next step is to carefully embed the cleaved substrates in a polymer matrix. It is important
that each component consisting of the polymer epoxy resin is weighted and proportioned properly
in order to form a sufficiently strong matrix after curing. The mixture will consist of mainly low-
viscosity compounds, which helps with infiltration of the embedded sample into the matrix. The
epoxy consists of four different compounds: A cross-linker, flexibilizer, hardener and an accelerator.
The names are close-to self-explanatory, however, a short description is rightfully in place. Each
component is vital, although some more than others. The job of the cross-linker is to reduce the
viscosity of the entire mixture by forming a large network between the other compounds. On its
own, this compound will result in incredibly hard samples, but with a flexibilizer, which easily
becomes an integral part of the network, the hardness is lowered. Although, too much of the
flexibilizer and the sample will become brittle, which reduces its applicability towards microtomy.
The hardener is also known as the curing agent, and is the curing catalyst, which in combination
with the cross-linker forms a large network of cross-linked polymers, increasing the mechanical
properties. The last compound of the mixture is the accelerator. This compound is not strictly
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Fig. 5: Substrate embedding. A silicone mold is used as a casting to form bullet-shaped epoxy
samples containing the NW substrate. Step (i) is an empty casting with a surface area at the
bottom of roughly ∼ 2.5× 2.5 mm. Step (ii) is creating a cushion of the epoxy resin, which allows
larger control of the substrate descend iii. The following step is to completely fill the casting (iv),
followed by curing at 70◦C (v)

necessary, but it sufficiently decreases the curing time of the sample, and in most cases limits the
curing time requirement to 8 hours, or as an over-night curing[44],[14].

Having carefully prepared the epoxy mixture, swift but accurate placement of the cleaved NW
substrates is of the essence due to the hardeners susceptibility towards reacting with atmospheric
moisture. In Fig. 5 the process of embedding the NWs in a silicone casting is shown. In an empty
casting (i), the first step is to form a cushion of the epoxy mixture in the bottom of the mold (ii)
in order to control the descend of the substrate (iii), and finally the bullet-shaped casting is filled
to the top (iv), after which the final step is to harden (v) the mixture by curing the sample at 70◦C
for a minimum of 8 hours as per the original recipe of A. R. Spurr in ref. [44].

However, the curing time can vary quite significantly if one is not careful in the epoxy resin
mixing phase, due to improper mixture stoichiometry. Optimal curing times appeared to be in the
range of 16 to 24 hours, resulting in hard bullets of epoxy.

At this point the sample is close to being properly prepared in order to start cutting the sample
into thin sections, known as lamellae, containing cross-sectioned NWs in the form of nanocrystals
(NC). The remaining part before the microtome set-up is put into action, is to remove the substrate,
as shown with the close-ups of the bullet-like shaped epoxy samples in Fig. 6. As the NWs point
inwards, a simple removal of the substrate will result in a clean and reflective surface ready for
sectioning. Initially (i), a razor blade is used to manually remove excess epoxy, which opens up for
removal by gently wiggling the razor blade just below the substrate left and right all around the
substrate. When sufficient material has been removed, and incisions have been made all around
the substrate (ii), then by gently wiggling the razor blade up and down will eventually make the
growth substrate fly off with a popping sound (iii). As the substrate is removed, more trimming of
the sample is required in order to narrow down the surface. One needs to be aware that sufficiently
large surfaces - also known as block faces - tend to result in wrinkled lamellae, or in worst case, a
wet block face. If wet, then cutting the lamella is impossible as the sections will stick to the sample
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Fig. 6: Trimming and substrate removal. The cured epoxy sample containing the NW sub-
strate requires a final manipulation before the cutting process can start. In (i) a close-up of the
cured sample is presented. A razor blade is used to remove the epoxy surrounding the growth sub-
strate (ii), such that incisions around it can be made to easily remove the substrate (iii). Further
trimming all the way down to the NW array is done iv)

surface, and be dragged past the knife-edge. Hence decreasing the block face as much as possible
will help sectioning performance. The size of a single NW array is approximate 250×250µm, which
usually works fine.

4.2 Transferring lamellae to substrates

The working principles of the microtome is discussed in the previous section 3, which includes
movement of the sample holder-arm, and sample alignment to the knife-boat. Hence, the alignment
procedure will be skipped, and this section will begin with lamellae, which are already sectioned.
For examples of badly aligned samples, see the Appendix.

Upon successful sectioning of the epoxy sample, a thin lamella of ∼ 100 nm floats on the water
in the knife boat, as illustrated in Fig. 7 (a). Here three lamellae are pictured, and numbered
in order of sectioning. Transfers of three lamellae to various substrates, such as a Si substrate (1)
for SEM or AFM purposes, or to a highly-doped Si substrate for device fabrication (2), or even a
transmission electron microscopy (TEM) carbon-coated copper grid (3), are shown in the insets.
Two essential tools are required. One is a tweezer, and the second is a stick with an eyebrow glued
to it, see Fig. 7 (b). The reason for the eyebrow-stick is to help guide the lamella into place,
though care is needed as lamella tend to collapse around the eyebrow if sufficiently force is exerted
onto the lamella.

The surface tension of the water can be of great help to correctly transfer the lamella to a
substrate. By holding the substrate such that a convex meniscus is formed between the substrate
and the water increases transfer control. The surface tension helps to guide the lamella by increasing
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Fig. 7: Lamella transferring. Three sectioned lamellae are depicted in the trough floating on
top of the water (a). To transfer a lamellae to a substrate; one hand dips the substrate into the
water, whereas the second hand uses a stick with an eyebrow glued to it to guide the lamella into
proper position. The collumn to the right shows the successful transfer of lamella to three different
substrates. The lamella marked with ”1” is transferred to a Si substrate for SEM imaging. The
lamella marked with ”2” is transferred to a device substrate, and the lamella marked with ”3” is
transferred to a transmission electron microscopy grid.

by aiding in sticking of the lamella to the surface of the substrate. Thus, simply pulling the substrate
upwards in a slow and controlled manner will make it stick to the substrate minimizing the risk of
lamella folding or wrinkling. The result of such lamella handling is seen in the three insets each
labelled with a number corresponding to the order of sectioning.

From this point onwards, the device fabrication can beginfollows traditional processing as one
would do for NWs. However, as traditional as the fabrication process is, there were issues, which
to a large degree is expected to stem from the epoxy lamella itself. In the following chapters the
issues and challenges of working with this kind of material will be presented, while relating its
applicability towards device fabrication.

5 Issues Inhibiting Device Fabrication

In this chapter some of the unique properties of working with the NC platform will be highlighted
along with the effect on device fabrication. The observations on display in this chapter serve as the
groundwork for optimizing device fabrication processing, with the aim of hopefully increasing the
amount of successfully functioning devices. It should be mentioned that in the following the main
source of the issues most likely originates from chemical degradation likely due to contamination.
This epoxy mixture serves as the base for microtomy, as discussed in the previous chapter. Due to
degraded chemical properties the hardness of the cured mixture tends to be less than hoped, hence
continuously altering the curing time was necessary, but in most cases was a reaction, rather than
a preventive action. It should be mentioned that off-stoichiometric mixing conditions can have the
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Fig. 8: Contrast indication of soft epoxy. Scanning electron microscopy micrographs of three
NC structures exhibiting various extend of contrast on top and besides them. On the structure in
(a) there is contrast on top of the structure. In (b) contrast is besides the structure, and in (c) no
white contrast is present.

same effect. Unless the quality of the samples are way off, then microtomy can handle a degraded
sample, but not necessarily so for device fabrication. This means the contamination can be hidden,
and unless something out of the ordinary is observed, can remain a secret.

This chapter will begin with this out-of-the-ordinary observation, and will evolve into a deeper
investigation of the challenges that degradation poses on fabrication steps.

5.1 Indication of nanocrystal epoxy coverage

Initially there were no signs of lamella issues. Previous in-house work performed by J. Sestoft et al.,
2022, did not report on any issues regarding fabrication of devices, and followed traditional fabrica-
tion processing, as we will discuss in the next chapter[41]. However, consistent device performance
issues has haunted the work, which lead to plenty of troubleshooting. In Fig. 8 three different
NCs originating from the same lamella show varying contrast on, and around each structure. The
first NC structure (a) exhibit cobweb-like contrast around it as well as on top of it. The second
NC structure (b) appears to mostly have contrast around it, while the third NC structure (c) does
not show any clear or similar signs as the other two. The contrast in the SEM is mostly due to
compositional and topographical differences of the inspected surface. Since polymer compounds
are considerably lower in atomic weight than InAs, then it is assumed the contrast variations, as
mentioned on each of the structures, can be attributed to height variations.

In order to illuminate what is going on, Atomic Force Microscopy (AFM) is used to probe the
surface topography of each of the three samples. A constant-height mode is used, which keeps
the AFM-tip at a constant height away from the surface, which in turn also minimizes the risk of
touching the surface with the tip. In Fig. 9 (a,c,e) each of the three NC structures are probed
after the SEM images were taken. The insets at the top show optical images of the lamella. The
topographic 3D height map of each structure, all show undefinable structures, except for the last
one (Fig. 9(e) and Fig. 8(c), correspondingly).

The AFM topographical maps in Fig. 9(b,d,f) show the effect of plasma ashing for a combined
of 4 minutes. Initial observations indicate that all of the NC structures had some residues on top
of them, even for the third structure shown in (e,f). This is interesting, as the SEM image (see
Fig. 8(c)) of this particular NC structure did not show any clear indications of this. For the two
other NC structures it is easier to see.

The first takeaway is that in the SEM using an acceleration voltage of 5 kV is not sufficient to
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Fig. 9: Observation of residues. (a,c,e) show AFM topographic 3D representations of different
NC structures as they were sectioned, although with SEM images taken before AFM probing. (b,d,f)
show the same NC structures as in (a,c,e), but after 4 minutes of plasma ashing, respectively. The
insets correspond to the lamella before and after ashing, respectively.
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properly visualize whether there is any residuals on that might block the electrode contact. or if
it is expected to be a problem as devices are fabricated. A second point is that the compositional
contrast of InAs dominates over topographic contrast in the SEM. Additionaly, it is clear from
the AFM topographical maps that during the sectioning process, the knife aligning was slightly off
resulting in cross-sectioned NWs with uneven surfaces.

Since epoxy is insulating this is a clear issue towards fabricating working devices. In Fig.
9(b,d,f) a total of 4 min of plasma ashing is performed, The inset at the top shows how the
lamella looks after the plasma ashing. The plasma ashing of 4 min. is a total ashing time consisting
of two 1 min. ashings, followed by a single 2 min ashing. On the NC structure in (a,b) the surface
roughness of the left-most NC exhibited relatively stable values of 1.11 nm, 1.06 nm, 1.09 nm and
1.13 nm, after each ashing step. The first value corresponds to an initial pre-ashing situation, and
the final value corresponds to a total ashing time of 4 min. For the right-most NC the roughness
values are less stable of 2.77 nm, 2.63 nm, 2.37, and 2.20 nm. Due to the continuously lowering
of the surface roughness on one of the NCs there seems to be some removal of the residue. Since
nothing much is going on for the partner NC positioned to the far-left of the same structure (see
(a,b)), it could indicate that this NC does not have any residues on top of it. For the remaining two
NC structures similar values are found. The second NC structure (Fig. 9(c,d)) exhibit roughness
values on the left-most NC of 1.13 nm, 1.35 nm, 1.70 nm, and 1.44 nm. Similarly, for the right-most
NC roughness values are found to be 2.41 nm, 2.01, 1.58 nm, and 1.37 nm, respectively for each
ashing step. The third structure (e,f) exhibit roughness values for the left-most NC as 0.939 nm,
0.858 nm, 0.936 nm, and 0.802 nm. The right-most NC exhibit roughness for each step as 1.19 nm,
1.31 nm, 1.24 nm, and 1.36 nm.

Since stable surface roughness values are found in the vicinity of 1 nm, it could be that this is
the surface roughness of InAs and not epoxy. Although, the AFM topography of the left-most NC
of the third NC-structure with an average roughness of 0.88 ±0.07 nm could be closer to the real
InAs surface roughness, Compared to the NC in (b) both show stable values across different ashing
steps, although the one in (b) exhibit values slightly higher of 1.1 ±0.03 nm than the one in (f).
Currently it is not clear whether any of them has had all their potential residues removed.

It should be mentioned that after each ashing step, SEM images were acquired in order to follow
the evolution as ashing proceeded. Although this data is not shown, SEM tend to alter the epoxy,
perhaps through melting of it. This means that the data as discussed above should be taken with
a grain of salt.

The showings here indicates that the epoxy is a real obstacle towards device fabrication. Having
established an issue due to residues, in the next section, a similar investigation is employed, but
this time without the influence of the SEM.

5.2 Plasma ashing of contaminated lamella

In the previous section, we encountered an issue of what appeared to be epoxy covering the surface
of the NCs. The various degrees of such coverage was exemplified by the average surface roughness.
For some of the NCs the values appeared to be stable after each plasma ashing step, however. AFM
3D maps indicated that InAs NC surfaces appear to be without residual epoxy when the surface
roughness is below 1 nm. This is to some extend, backed by the SEM and AFM images of the NC
which exhbited no contrast on its surface.

In this section, a systematic approach to increase reliability of residual indicators is employed.
The NC will be subject of repeated AFM and plasma ashing steps; each step with a different plasma
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ashing time, but without SEM micrograph, as it appears to contaminate the work.
A tendency arose while performing the repeated AFM and ashing steps. In Fig. 10 (a,c) two

different NC-structures are shown in their original state just after being cut. Neither of these two
NC-structures visually appear to be affected by epoxy coverage, but as previous section indicated,
that does not need to be the case. The surface roughness on both of these NC-structures are similar:
The NC in (a) appears to have a roughness of 1.23 nm, whereas the other NC in (d) has a roughness
of 1.33 nm. These values are indeed similar to the NC-structures appearing to have epoxy on their
surfaces, as shown in Fig. 9. As the process of repeatedly ashing the samples continued both
NC exhibited yet again similar surface roughnesses, although steadily decreasing in contrast to the
SEM and AFM probed NCs in the previous section. In comparison to the one NC in the previous
section showing stable surface roughnesses below 1 nm, it took 26 minutes of plasma ashing, and
is shown in Fig. 10(b,d). The surface of both NCs appear considerably affected by the ashing,
with a smoothened surface roughnesses of 0.910 nm and 0.886 nm, respectively. The insets show
the extend to which the plasma ashing had on the lamella with local variations, in stark contrast
to the one investigated in the previous section.

The hole in the epoxy next to the NC-structure in (a,b) is used to measured the height differ-
ences. Between the steps of as-sectioned NC-structure and 3 minutes of total plasma ashing. In this
time frame, a total of 36 nm epoxy was estimated to be removed which indicated a plasma ashing
rate of 9 nm/min. However, in the final 23 minutes of plasma ashing that took place between the 3
minute mark to the 26 minutes of ashing, only a mere 16 nm of epoxy was removed locally, bringing
the total estimated epoxy removal up to ∼ 52 nm with a severely decreased plasma ashing rate of
0.73 nm/min. Consult the Appendix for more data.

The resistance towards epoxy removal suggests a change to the sample preparation process is
required. Comparing this lamella to the one in the previous section, indicates a dramatic change of
epoxy properties. As described in the previous chapter, the sample preparation is mostly affected
by the properties of the epoxy resin components. [51, 52] Possible reasons for varying properties
of epoxy is aging of the components or contamination due to reaction with atmospheric moisture.
The curing agent, which is taking part in the cross-linking during curing, readily reacts with water
in a hydrolytic reaction, which breaks the chemical bonds, effectively decomposing the curing agent
resulting in components of different properties.

5.3 Plasma ashing of non-contaminated lamella

The epoxy resin components used in this work has mainly been with components resulting in the
varying behaviour as outlines in the previous sections. In order to properly examine whether the
contamination indeed was an issue, the epoxy resin components were exchanged with new and fresh
ones. Similarly to what has been done in this chapter until now, a systematic approach of AFM
and ashing is employed in this chapter.

Figure 11 shows NWs cut into a NC structure with a skew cutting angle. In (a) a before
plasma ashing AFM image of the NC structure is shown as it was cut. The mountain of epoxy
right next to the structure is likely formed due to the skew cutting angle.

In (b) an after AFM topographic 3D representation of the plasma ashed structure is shown.
The surface roughness of the NC before plasma ashing is 1.30 nm. This is similar to the values
obtained in the two previous sections indicating a persistent need to remove residual epoxy on the
surface. Plasma ashing for only a single minute yields a completely different surface roughness
of 0.839 nm, which is on the order of previously stated data for NC assumed to have reduced its
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Fig. 10: Plasma ashing for 26 minutes. AFM topographical 3D representations are shown of
two different NC structures (a,b) and (c,d), respectively. The structures in (a,c) are before any
manipulations has occured, while in (b,d) the lamella containing the structures has been plasma
ashed for a total of 26 minutes. The insets show the appearance of said lamella before and after
being exposed to plasma ashing.
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Fig. 11: Refreshed chemical components. (a) and (b) show AFM topographical 3D represen-
tations of the same Nc structure before and after being exposed to one minute of plasma ashing,
respectively The insets show the appearance of the corresponding lamella before and after ashing,
respectively

residual amount of epoxy on the surface. Previously, it took 26 minutes to attain surface roughness
of that magnitude, but with the exchange of chemical components only a single minute seems to
be required.

At present state the structure seems largely free of resin, except for the mountain of epoxy
behind it. It is believed that this is likely due to the skew cutting angle, which also could explain
the gaping hole next to the NC structure. Nevertheless, having a flat surface void of any obstacles
as the epoxy mountain is paramount for successful device fabrication. In that regard, additional
AFM and ashing was performed. Figure 12 shows AFM topographical images of a lamella edge
(a-c), and of the epoxy lamella surface (d-f). The images of both the lamella edge and the lamella
surface are shown as they were sectioned, after one minute of plasma ashing, and finally after an
additional three minutes of ashing, respectively. After having ashed for a single minute, 22.3 nm
of epoxy appears to have been ashed away, and an additional 69.3 nm is ashed away after three
minutes bringing the epoxy removal up to a total of 91.6 nm. A step height of 14.4 nm is measured
at the edge, which means the total height at the edge is ∼ 116 nm. This is in good agreement
with the set cutting thickness of 100 nm on the microtome in the sample preparation phase. The
resultant plasma ashing rates is stable across both multiple ashing steps of 22.3 nm/min for the first
minute, and 23.1 nm/min for the latter three minutes, which is in contrast to the rates obtained in
the previous section.

The ashing of the epoxy surface showed an increasingly roughened and uneven surface with
surface roughnesses of ∼ 1.1 nm, ∼ 2.5 nm, and ∼ 3.6 nm, for the initial state, after one minute of
ashing, and after an additional 3 minutes of ashing, respectively. The magnitudes of the values are
comparable with that of several of the NCs 1 nm. This indicates that at the beginning the NCs
appear to have residual epoxy on their surfaces. Since the surface roughness on top of the NCs does
not increase just like the epoxy surface, but reduces, it indicates that the plasma ashing is able to
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Fig. 12: Lamella step height and surface roughness. AFM topographical 2D representations
of the lamella edge (a-c), and the lamella surface (d-f), respectively. In (a-c) the red dashed line
indicates measurement of lamella step height after for each stage of the plasma ashing process. In
(d-f) the red dashed box indicates surface roughness measurement.
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remove the residual epoxy sitting on top of the NC structures.
In comparison with the work on the other epoxy samples, the exchange of aged chemical com-

pounds with refreshed ones appears to have restored the properties of the epoxy. The improved
ashing performance indicates a softer epoxy, and a prospect of increased reliability of device fabri-
cation steps.

6 Fabrication on nanocrystals

In this chapter the general procedure of NC device fabrication is presented along with the limitations
and obstacles that the generally small NC sizes can contribute with. Not all obstacles that proves
problematic for fabrication has been fully accounted for or eliminated. Most of the device fabrication
in this work was done using the aged epoxy resin chemicals, as discussed in the previous section,
and as such has suffered accordingly.

The remaining issue at present is slightly misaligned electrodes. In contrast to a traditional
NW with a long dimension, the smaller sizes of NC structures limits the area to make proper
contact between the electrodes and InAs, and consequently also limits the space for gate electrodes.
A possible reason for misalignment can be due to beam deflection of the electron beam in the
Elionix 7000 during electron beam lithography (EBL) within a single write field. The difficulty of
placing the lamella exactly at the center of the Si substrate for devices makes the beam deflection
a contender for the misalignment.

6.1 General procedure

The general procedure to fabricate consists of several steps as shown in Fig. 13. The first step
after having transferred the lamella is to form an electron beam defined mask. This is done by by
depositing electron beam resist, PMMA AL6, next is to spin the substrate to evenly distribute the
resist, followed by a hardening step. After the resist has hardened, the desired pattern is exposed
onto the resist by EBL forming the mask pattern. A subsequent step of development is required to
remove the exposed areas, resulting in a mask protecting the substrate where metal is not supposed
to be deposited. Finally, metal is deposited followed by the removal of the mask, known as lift off.

6.2 A detailed account of fabrication steps for nanocrystal devices

The very first step of fabrication is to inspect and identify potential NC candidates by scanning
tunneling microscopy (SEM) after the lamella has been transferred to the chip substrate. The Raith
eLine is an SEM, which enables automated captures of the NCs, limiting the exposure of the NCs
to a minimum. [18, 17]

Figure 14 gives an example of the SEM obtained from the eLine, where a close-up of the NC of
interest is highlighted by a dashed blue box, and the rest of the images being potential candidates
found in the lamella as well. The small alignment mark crosses in each corner of the image have four
arms each of 500 nm in length, and are a necessity to accurately position the electrodes correctly
upon electrode designing. The crosses are fabricated much in the same way as devices are, except
they are limited to 100 nm of Au, while RF milling is not necessary. The minimization of exposure
limits the resolution of each image, and in combination of the small NC structures on the order of
∼ 450 nm can prove an obstacle when determining whether the individual NCs are too far away
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Fig. 13: General cleanroom fabrication. The fabrication process entails depositing resist (red)
on top of the substrate containing the lamella (blue). Following is spinning of the resist, after which
the hardened resist is exposed by an electron beam to define the pattern. The exposed areas are
dissolved by development, followed by metal deposition, and finally ending in lift off

from each other. Once the NC structure candidates are found, the electrode design process follows,
and the resist mask can be created.

The mask creation begins with spincoating the substrate with a single drop of PMMA deposited.
This is likely to decreases the risk of dried resist on the side and beneath the substrate. The
spinning is done at 4000 rpm for 60 seconds, and subsequently hardened by vacuum for one hour.
As a consequence of the various issues of the lamella, the effect of softbaking the electron beam
resist at 185 ◦C is not fully understood, as will become clearer in section 6.3.

A drawback of the lamella transferring process is the likelihood of contamination. As the
sectioning process can be long-lasting, the water in the knife-trough is likely to be contaminated by
e.g. grains of dust. Unfortunately it is illadviced to clean the sample by means of MQ and/or IPA
with a subsequent drying by N2, as the sample appears to suffer by wrinkling. See the Appendix for
such an example. The impurities are likely to be removed after the lift off process, but if sufficiently
large streaks in the spincoated PMMA will appear, and will consequently distort the height locally.

Once the PMMA has hardened, exposing it to an electron beam by EBL imprints the design
pattern by chemically altering the PMMA. The exposed pattern in the PMMA is then dissolved
by dipping the substrate into a solution of 1:3 MIBK:IPA for 60 seconds followed by 30 seconds of
IPA. The sample is dried by N2-air flow.

The manipulaiton of the InAs surface result in contamination of different kinds. Due to being
embedded in an epoxy matrix and having deposited resist, residuals of those materials can be
present after development. Additionaly, since InAs forms a native oxide layer where the interface
is believed to have a high density of defects that degrades its electronic properties.[40] The organic
materials are removed by means of oxygen plasma ashing. However, as discussed in the previous
section 5, the epoxy had removal issues. Hence, the devices fabricated in this work has been of
varying ashing times; of 30 seconds, one minute and two minutes.

Although the device functionality remains elusive, the exchange of chemical components with
fresh ones, significantly reduced required ashing time to remove excess epoxy. For least possible
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Fig. 14: The large-scale image is an automated SEM example showing a candidate for fabrication
in the blue, dashed box. Other candidates are shown as well, each of three NCs conjoined to some
extend. Scale bar for the large image is 2 µm whereas for the close-ups of several NC structure
candidates the scale bar is 500 nm.
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manipulation of the InAs surface, plasma etching should be limited to being as short as possible.
Increased ashing times has been shown to damage the sample by oxidization, which proves to be
detrimental for device performance.[53]

After the substrate has been ashed, it is loaded in a physical vapor deposition system, where
the surface cleaning of the native oxide is performed by RF ion milling with Ar flow for 8 minutes
at 15 W. Subsequently, 5 nm of Ti and then 200 nm of Au is evaporated to onto the substrate. The
necessity for a layer of Ti is in order to stick the Au onto the chip.

Following metal deposition, the excess resist is removed by warm acetone at 50 ◦C, leaving only
the regions of Ti/Au in physical contact with the substrate surface behind, as seen in Fig. 15.
Two different sets of devices are shown in (a,b), with corresponding close-ups in (c,d). In (c) the
close-up shows broken Ti/Au leads due to the sudden change of height due to wrinkles or folds in
the lamella. The thicknesses of the leads are 1 µm. The same reasoning is applied for the lamella
edge. The leads, as the ones shown in (d), are designed to be 2 µm wide across the edges, and will
usually remain intact. To aid the process of lift off, a pipette can be used to create a steady stream
of the warm acetone.

6.3 The effect of heating an epoxy lamella

The lack of reproducibility of device fabrication meant that the the unknown effect of heating
the lamella during spincoating was investigated. The steps taken to understand how the lamella
responds to heating are similar to the steps when the effect plasma ashing was investigated (see
section 5), consisting of AFM surface topography imaging in-between each heating exposure of the
lamella. The heating is done on a hot plate at 185 ◦C for one minute, matching the softbaking
procedure of resist hardening for the first heating test, and two minutes for the second heating test.
The AFM surface probing was done at different areas of the lamella, each for their own purpose:
The corner of a lamella was scanned due to it being easy to find on separate occasions. Here the
lamella height can be observed. The lamella surface is also probed in order to get surface roughness
estimates of the epoxy surface, and finally a NC structure is scanned so the effect of lamella heating
can be observed in in vicinity of NC structures. To be able to compare surface roughnesses the area
of extracted values was kept to ∼ 100× 100 nm. This is also the area used for surface roughnesses
in section 5.

The lamella-to-Si-substrate height differences for the three cases of as-sectioned lamella, 1st
heating, and the 2nd heating are extracted as indicated in Fig. 16 (a-c) by the dashed blue lines.
The height differences between the Si substrate and the epoxy surface ∆hSi changed after heating
for one minute at 185 ◦C from 57.4 nm to 47.1 nm, but nothing much happened for the next two
minutes of heating, resulting in a height difference of 48 nm.

As for the lamella surface, as shown in (d-f), the unmodified, as-sectioned lamella showed a
decrease of average surface roughness Rlamella

a from 1.1 nm to 0.33 nm, which was followed by an
increase of roughness after the subsequent two minutes of heating to be 0.81 nm. Nevertheless,
in order for these values to mean anything, comparison of the values with extracted ones for the
NC structure is necessary. In Fig. 17 two cross-sectioned NWs appear with a skew surface due
to misaligning of the diamond knife of the microtome. In (a) all of the surfaces appear relatively
rough, whereas for the 1st heating test (b) it appear smoother, followed by a slight roughening
after the 2nd heating (c) (i.e. an additional two minutes of heating). Just like what was observed
at the corner of the lamella, there appear to be a height reduction after the 1st heating ∆hNC , as
the height difference between the lamella surface and the NC is 19.4 nm being reduced to 15.6. The

21



Fig. 15: Lift-off. In (a,b) are shown optical images of two different device sets, respectively. The
dashed squares corresponds to magnified optical images of the enclosed areas (c,d). No scale bar is
present due to the optical microscopes inability to measure properly.
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Fig. 16: Heating of lamella. In (a-c) the heating effect is seen by means of AFM of a lamella
corner, where the blue, dashed line represents where vertical distances were examined between the
lamella and the Si substrate. In (a,d) not modulation of the lamella is applied, in (b,e) 1 minute of
185 ◦C, and (c,f) for 2 minutes of 185 ◦C. Consequently, in (d-f) the surface roughness is calculated
on the lamella surface, as indicated bu the red, dashed square.
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Fig. 17: Surface roughness and step height of NC. In (a-c) the surface roughness is measured
as indicated by the dashed, red square, and the vertical height is measured between the lamella
surface and the NC, as indicated by the blue, dashed line. This is done before manipulating the
sample (a), after 1 min of 185 ◦C (b), and after 2 min of 185 ◦C (c).

subsequent heating showed a similar value as before of 16.5 nm. Just like for the lamella-substrate
height difference, there appear to be little variation after the 2nd heating.

The surface roughness of the NC RNC
a , as indicated by the dashed, red boxes on top of the NC

for each heating step a-c, respectively. Initially before modifying the lamella surface, the surface
roughness is 1,1 nm, where it reduces to ∼ 71 nm after 1 min. of heating (b), and slightly increases
after yet another 2 min. of heating (c) of ∼ 0.84 nm.

A summary of these values can be found in table 1. It appears that the height of the epoxy
lamella only changes substantially after the 1st heating, whereas it appears more-or-less constant
after the 2nd heating.

Since epoxy is an amorphous thermosetting polymer, it remains rigid up until a certain temper-
ature, namely the glass transition temperature. Typically for epoxies, the transition temperature is
in the range of 150-265 ◦C. Beyond this temperature the polymer network begins to relax, and the
epoxy becomes softer.[39] In contrast, the electron beam resist, PMMA, is a thermoplastic polymer
with a glass transition temperature on the order of 105 ◦C. [48] The reduced epoxy lamella thick-
ness is similar to what happens for PMMA during heating, namely a reduction of thickness. The
reduction for PMMA is due to evaporation of solvents, which consequently increases its mechanical
strength. Since both exhibit thickness reduction at an applied temperature of 185 ◦C, which can be
above the glass transition temperature for both of them, it is possible that the epoxy experiences
similar evaporation of excess solvents. No apparent widening of the lamella is observed, which
would otherwise indicate that the epoxy would be melting rather than having its excess solvents
evaporating.

In Fig. 18 the NC structure as previously discussed in section 5, is shown here after ashing for
a total of 26 min. (a), and a subsequent heating for five min. at 185 ◦. The NC surface roughnesses
of this NC structure are obtained in the areas of the dashed boxes. In (a) the surface roughness is
0.89 nm, in (b) the surface roughness is 0.70 nm. In comparison, the surface roughness of the NC
investigated in Fig. 17 is also RNC

a = 0.71 nm after the 1st heating. In line with the discussion
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As-sectioned 1st heating 2nd heating
∆hNC [nm] 19.4 15.6 16.5
∆hSi [nm] 57.4 47.1 48.0

Rlamella
a [nm] 1.1 0.33 0.81
RNC

a [nm] 1.1 0.71 0.84

Table 1: Summary of heating test. The data is separated into three categories: As-sectioned,
1st heating, and 2nd heating, respectively. As-sectioned is the unmodified lamella, where 1st and
2nd heatings are the lamella subjected to one and two minutes of 185 ◦ on separate occasions. The
three categories are displayed with values for height differences of between a NC and the surrounding
lamella surface ∆hNC , and for the height differences between the Si substrate and the lamella edge
∆hSi. The lamella Rlamella

a and NC RNC
a surface roughnesses are also displayed, respectively.

Fig. 18: Heating on contaminated lamella. In (a) an extremely processed NC structure with
a total of 26 min. of plasma ashing. In (b) the very same NC structure is heated for 5 min. at 185
◦C. Surface roughnesses are obtained in each case at the red, dashed square.
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about evaporation of excess solvents in the epoxy, the reduction of surface roughness in both of
these two cases could indicate even further removal of residual epoxy after heating. However, if this
indeed is the mechanism of epoxy subject to heating, then it is also expected that the mechanical
strength of the epoxy increases as well, due to the polymer chains packing even tighter than before
solvent evaporation.
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Fig. 19: Cross-sectioning InAs nanowires. In (a) an SEM micrograph representing a typical
NW array. The red, dashed square and the blue, dashed square represent the NW depicted in (b)
and (c), respectively. The panels (i) and (ii) represents CS NWs of their parent NW system. The
dashed lines in (b) and (c) represents the approximate position of cutting; about 600 nm above
base. The scale bar in (a) is 10 µm, and for (b,c) is 500 nm, while the panels have scale bars of 100
nm.

7 Three conjoined InAs nanowires for cross-sections

The InAs NWs are grown on InAs ⟨111⟩B substrates using the vapor-liquid-solid mechanism. The
substrates are pre-patterned using electron beam lithography, and grown with Au seeded particles
as catalysts. The growth process was performed by Thomas Kanne.

In Fig. 19 we show an SEM micrographs of a typical 20 × 20 NW array (a), with example
NWs highlighted in the dashed, color-coded squares, which are enlarged in (b,c). By keeping track
of the position of the NWs in their array, and subsequently in the sectioned lamella, it is possible
to relate the cross-sectioned NWs to their parent state of standing NWs. This is indicated by the
color-coded panels (i) and (ii), showing their approximate positions of where they were cut from
during the microtomy phase, respectively. Each NW is cut about 600 nm above base level. The
figure provides an ideal situation of three wires connected in series in a corner-to-corner fashion,
which is illustrated in the panels (i) and (ii). The SEM images are taken with 30

As is usually the case when it comes to investigating NWs using electron microscopy techniques
and fabricating devices, one can investigate the NW surface using an SEM before and after device
fabrication. In addition an in-depth investigation of the crystal structure itself using the TEM is
limited to be of a different NW.

III-V semiconductor NWs commonly include defects such as stacking faults, twins, and polytyp-
ism due to the crystal phase alternating between zinc-blende (ZB) and wurtzite (WZ). Such crystal
structure differences can affect device properties by modifying the electronic band structure[34] or
by incorporating scattering centers for electrons.[46] Hence, imperfections or variations in crystal
structure appear to have implications on device properties.

By virtue of the crystallinity and the electron transport relationship it is important to be able
to properly characterize the NWs used for devices. With this in mind, cross-sectioned NWs have
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Fig. 20: Successive lamellae transfers. (a-c) and (d-f) are both cases of NC structures cut
from the same NW located across successively sectioned lamellae. (a,d), (b,e) and (c,f) are lamellae
transferred to a TEM grid, device substrate, and a Si substrate, respectively. Scale bars are 100
nm.

the advantage of being able to do so by transferring subsequent sectioned lamellae to various
substrates. See Fig. 20. The example of such a work-flow provided in the figure, consists of
three different lamellae cut during the same microtome session, obtained in quick succession. In
each row, the cross-sectioned NWs originating from the same free-standing NW are located. The
first sectioned lamella was transferred to a TEM carbon-coated copper grid ((a) and (d)). The
following sectioned lamella was transferred to a highly-doped Si substrate with 200 nm SiO2 ((b)
and (e)), and finally the third sectioned was transferred to a Si substrate for SEM characterization
((c) and (f)). Measures was taken to make sure the CS in (c) was correctly identified, which could
indicate the wires fracturing. Each lamella was cut with a ∼ 100 nm thickness with a speed of 1.6
mm/s. For various reasons, such as unfortunate placement of sections on the TEM grid, folds or
wrinkles in the lamella arising from transferring are all risks severely limiting the attainability of
locating the correct CS NWs across different lamellae. In addition, as would be the case for this
example concept, the devices fabricated had issues of Au bridges across the two leads resulting
in shorts. As illustrated in the figure, successful transfers of one lamella after the other to three
different substrates, each with a different purpose, enables various characterizational opportunities
on the same NW.

7.2 Transmission Electron Microscopy of a Single InAs Nanocrystal

This section will be to provide a reference CS NW for the section that follows 7.3, where the crystal
structure of the constellation of three conjoined InAs NCs are investigated.

Hence, an in-depth look into the crystal structure of a single InAs NC will take place in this
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Fig. 21: A single InAs NC. In (a) is shown a TEM bright-field micrograph of an InAs NC
aligned to its high-symmetry axis [0001]. In (b) is shown its corresponding diffraction pattern with
the crystallographic planes labeled.

section, in order to compare it with the observed variations of the three conjoined NCs.
The NC-systems in this section and the next deals with NCs originating from the same sectioned

lamella. This means despite any local variations during growth, all of the NC in the lamella should
be grown under identical conditions. In this way, this single InAs NC which is going to be discussed
shortly, could prove to be a good reference point in comparison to the appearance of the three InAs
NCs in serial connection.

We will start our analysis by looking at a single NC using the TEM, as seen in Fig. 21. The
figure is a birght field (BF) micrograph (a) shows a large NC pictured alongside a smaller one.
The large NC measures ≈ 244 nm from facet to facet, and ≈ 247 nm from corner to corner, and
is aligned to its high symmetry zone axis WZ[0001], as is seen in the selected area electron diffrac-
tion (SAED) pattern micrograph (b), i.e. the growth axis. The pattern is displayed in reciprocal
space, and is the manifestation of the crystal lattice in real space, resulting in a distinct pattern
of a close packed hexagonal (CPH) crystal lattice. Each of the closest spots to the direct beam,
situated in the center, in the SAED pattern is labeled with their relative spots. The inner spots
are of the 1100 family of planes with corresponding ⟨1100⟩ reciprocal lattice direction. They point
towards the corners of the NC in real space, while the 1210 family of planes make up the facets of it.

An analysis of the SAED pattern of the two inner-most family of planes reveal that the relative
distances from the direct beam to 1100 is on average 0.615± 0.0023, while the distance to the 1210
planes on average is 1.067±0.0025. However, using ImageJ[13], a scientific image analysis software,
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there is an uncertainty revolving the way of obtaining these values, considering that the most simple
way of measuring distances as well as angles is by selectively choosing points or pixels of interest.
The method is elaborated in the Appendix, but in short it is a two-step process of carefully tracing
a line between two spots of the same family of planes sitting opposite each other, and plotting said
trace, where the distance between the centres of peak intensity is measured. Since the images has a
specific resolution and consists of 2048×2048 pixels, the accuracy of each step can be rather limited.
By following the procedure, as explained in more detail in the appendix, approximate uncertainties
of each step has been extracted and combined through combination of errors[2] to be 0.0021, which
is comparable to the standard deviation of either of the averaged reciprocal distances 1100 or 1210.

The relative angles of each set of family of planes are measured to be 60.0◦ ±0.18◦, and 60.1◦ ±
0.22◦. The data extraction can be found in Appendix. Following the same argument of manually
selecting points of interests, as above for measuring distances, there is also an uncertainty when it
comes down to measuring the relative angles of different lattice planes. The uncertainty associated
with the choice of pixel is 0.21◦, which is similar to the standard deviations of the averaged angles.
The process of measuring angles and the extracted uncertainty is found in the Appendix.

In relation to the deviations of either relative angles or reciprocal lattice distances, the extracted
uncertainties imply a well-defined crystal lattice very close to, if not exactly, a textbook example of
either a cubic or a CPH crystal lattice[11]. Although, the sample size is limited to a single example
of an isolated NC, it does indicate that the lateral stress[55] applied to the crystal during mechanical
cutting of the standing NWs using the Microtome does not sufficiently affect the crystal lattice.
Other studies using mechanical force to bend NWs has shown to significantly alter the crystal by
introducing defects such as dislocations, and eventually grain boundary formation consisting of
chaotically arranged lattice planes[54]. In that regard, this NC exhibit no clear signs of defects
nor of stress fields which could otherwise dramatically affect its properties in use for quantum
devices.[57, 38]

In the following sections, this particular NC will serve as a reference for slightly more complicated
structures consisting of three NCs in series merged into a single large structure.

7.3 Three InAs Nanocrystals in Serial Connection

In the previous section 7.2 we introduced the singular InAs NC exhibiting an exemplary SAED
pattern aligned to the high symmetry zone axis of WZ[0001]. In this section we take a look into
the characteristics of three InAs NWs pre-patterned by EBL to be positioned so close to each other
that they form a larger structure of three NCs in series. The singular NC will serve as a reference
to the three combined NCs. All data shown in this section, along with the singular NC, stem from
the same lamella. Hence, the NWs are all grown under identical conditions, and cut into sections
under identical conditions.

Despite the entire process has been identical for all NWs, they do exhibit various shapes and
sizes, as seen in Fig. 22, as well as different extend of merging of NCs. Still, some of them share
some traits. (a,d) are cases of similar shaped NCs where only two of them are merged with the
third NC situated such the facets are parallel to each other, and in close proximity. (b,c) are both
cases of the middle NC merging with the two others through the corners to a certain degree, while
(b) exhibits more symmetrical hexagonal structure of each NC. The last two, shown in (e,f), are
cases of structures with NCs merged to a much larger extend than the others.

All of the TEM micrographs are aligned to the high symmetry zone axis [0001] of the middle NC.
The varying shapes are likely due to local fluctuations of the growth kinetics resulting in varying
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Fig. 22: Three InAs nanocrystals in series. Each individual NC-structure vary in some sense
in regards to sizes, and extend of merging of multiple NCs. (a,d) only consist of two merged NC,
while (b,c) appear to mainly connect at their corners, and (e,f) exhibit a much larger extend of
individual NC merging. These structures are subject to crystal lattice analysis by means of their
respective SAED patterns. Scale bars are 100 nm

1120 facet sizes[5], and perhaps slightly varying Au seed particles.
Compared to the NC discussed in section 7.2 (Fig. 21) all of these in Fig. 22 exhibit contrast

variations. Plenty of work has previously been done on various kinds of complex structures such
as core-shell heterostructures[7] and semiconductor-superconductor hybrids[22]. Mutual for these
structures is, a combination of different materials result in strain at the interface due to lattice
mismatch of the applied materials, which can potentially induce dislocations in order to relieve the
strain.

Hence, it would not be surprising for two or more NWs growing in close proximity to each
other to attain strain at the interfaces. In principle, smaller NWs tend to possess more efficient
strain relaxation than larger ones, and G. Stan et al has shown that there is an inverse relationship
between NW radius and the elastic modulus[45]. The cross-sectioned NWs (Fig. 22) are on the
order of 150-250 nm in diameter, which is considerably larger than then ones reported in ref. [45].
Although they report on ZnO NWs, at diameters of ∼ 120 nm the obtained values of elastic modulus
approached that of the bulk value.

Nevertheless, it does not change the tendency that the larger the diameter of a NW, the smaller
the elastic modulus of the material is. This is to say, that less stress is required in order to displace
material particles. Thus, the varying contrast as seen in the figure, could indicate bending contours
as a consequence of the mechanical force applied during the sectioning[54],[42], or be a result of the
individual crystal lattice bending due to the introduction of dislocations[16].

High-resolution TEM (HRTEM) or even high angle annular dark field scanning tunneling elec-
tron microscopy (HAADF-STEM) would be the ideal way to probe such imperfections in the crystal
lattice, where dislocations could be readily observed, and the interplanar distances extracted for
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various planes. Since no such data will be presented here, there will be no clear signatures of any
defects in the crystal. Yet, in an attempt to give an estimate for such behaviour of the NC crystal
structures, a SAED pattern analysis is performed.

The reciprocal space is a Fourier transform of the predominant crystal structure, which means
if the part of the NW that has been locally sliced into a NC contains a high enough density of
imperfections then it would be observable in the TEM BF micrographs and their corresponding
SAED patterns. Considering the SAED pattern shows Bragg diffracted electron waves, which can
be related to the real relative positions of the direct atomic lattice, it would not be a surprise if
stress-induced displacements of the crystal lattice would manifest a corresponding SAED pattern
mimicking just that. The contrasts on each NC for the various NC-geometries (Fig. 22) indicates
imperfections in the crystal lattice, and as already noticed, the single NC as discussed in the previous
section 7.2, did not exhibit any strong intensity variations of the NC, and did exhibit an example
of a CPH crystal, all the while being cut under identical conditions as the ones in Fig. 22.

Although the varying contrast in each NC (some more than others) could be indicators of grain
boundary formations[54], especially at the merging of two NCs (Fig. 22 (a-d), some appear vague
and difficult to observe. In order to enhance the visibility of imperfections in the crystals, the TEM
was operated in dark-field (DF) mode, where a specific Bragg diffracted SAED spot is chosen and
isolated to visualize the planes responsible of the particular SAED spot. Such investigation were
performed on three of the displayed NC-structures in Fig. 22 (b-d), and is shown in Fig. 23
of various SAED spots. Each column of the figure (a-c, d-f, g-i) correspond to a specific NC-
structure, each with the middle NC aligned to the high-symmetry zone axis of WS[0001], but of
varied SAED spot of interest. The insets are graphics reflecting the SAED pattern of the middle
NC, where the white spot indicates the specific plane that is isolated to perform and execute the
DF micrographs. The specific plane is also indicated with its Miller indices and displayed in the
center of the inset.

The white intensity correspond to the diffracted electrons, and considering that they all appear
disorganized they work as indicators, just as in the cases of the BF micrographs, of bent crystal
lattices. However, (d-e) appear much more disorganized than (g-i) and (a-c), of which it can
be discussed is more or less impacted by impurities in the lattice. The plane < 101 > (f) of the
middle column, which is the crystallographic orientation of the corners used to merge the NCs,
appears highly distorted in the two outer NCs. Interestingly, the top NC for this plane, appears to
be affected to a large extend of the boundary of the two NCs, since the varying contrast seems to
almost originate from the interface between the top NC and the middle one.

The NC-structure in (g-i) is two merged NCs consisting of the bottom and the middle one. The
planes < 110 and 101 appear to indicate a boundary at the interface between the NCs, shown by
the curved intensities formed in the bottom NC. The latter plane, being the plane which is directed
parallel to the longitudinal axis of the Nc-structure, is exactly the direction of the corners used to
merge the two NCs.

In (a-c), there is comparably less intensity variations than that of the NC-structure in the second
column. In the middle NC there is a repeating pattern of dark and white lines. This signature is
a typical sign of superimposed crystal planes which are slightly different, called a Moiré pattern.
Such patterns are typically present due to dislocation manifestation, meaning it can be a sign of
strain-relevance. It could then be an explanation of why this structure exhibits so little contrast
variations compared to the others, due to lattice relaxation. A close-up of the Moiré patterns is
shown in Fig. 24. Here first- column (a-c) is identical to the first column in Fig. 23, but with
dashed boxes encapsulating the part shown in their respective panels (i-iii).
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Fig. 23: Bending contours in dark-field. In (a-c), (d-f) and (g-i) the same NC structure is
presented as TEM DF micrographs. Every micrograph is aligned to the middle NC high-symmetry
zone axis [0001], and the insets indicate which crystal plane the DF is made of
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Fig. 24: Moiré pattern. In (a-c) are shown DF micrographs with the middle NC aligned to its
high symmetry zone axis. The insets show the crysl plane of the diffracted electrons in DF. The
panels (i-iii) are close-ups of the white dashed square as indicated in (a-c), respectively. Scale bars
are 100 nm.
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Since moiré patterns are typical large-scale manifestation of small-scale variations, then in terms
of a crystal it translates into two sets of superimposed crystal planes of varying interplanar pitches,
different lattice constants or relative rotation[32]. An enlarged view of the middle NC shows that
the fringes are extremely dynamic in the sense that across a boundary between two NCs the fringes
are distorted indicating alternation of lattice spacings. In other words, it indicates that the lattice
experiences an increasing bending of the lattice across two NCs while in the center of a NC less
distortion occurs. The fringes manifest in the SAED pattern as extra spots in the crystallographic
direction of the fringes themselves. The varying intensities of the SAED spots could be due to
improper sample tilt resulting in varying scattering intensities, or it could be because of varying
abundance of such diffracting planes.

7.4 Strain indication of merged InAs nanocrystals’ crystal lattices

Inspecting the SAED patterns of each NC (the top, middle and bottom) of the structure in Fig.
22(b), as an example, does show some small differences with respect to the reference NC in section
7.2. Although, the standard method for extracting the interplanar spacings of the crystals is by
measuring just that in direct space of a HRTEM, or something similar, a reciprocal space analysis
could give insight to this behaviour as there is an indirect relationship between the interplanar
spacing dhkl and the magnitude of the reciprocal vector ⇀g, as simple as |⇀g| = 1

dhkl
.

For a SAED pattern analysis to work in this way it is vital to realise that a standard low-
resolution TEM is not able to distinguish the phase differences of each plane, meaning the SAED
patterns as shown are averages of the crystal structure. Hence, if any indications of differences in
interplanar spacings is supposed to be observable then the entire probed structure has to exhibit
such properties. Under this assumption, we compare the magnitudes of the reciprocal space vectors

with the reference one just as one usually would do for interplanar spacings ∆g =
ghkl−ghkl

0

ghkl
0

, where

ghkl and ghkl0 is the reciprocal lattice vector to the plane (hkl), and the reference reciprocal lattice
vector to the plane (hkl), respectively.

An in-depth analysis of one of the NC-structures is shown in Fig. 25. The structure displays
hexagonal NCs with diameters of approximately 232 nm, 178 nm and 225 nm, measured of each
NC starting on the the top NC. The inspection of each NC consists of aligning the electron beam to
the high symmetry zone axis ZB[111]/WZ[0001] as shown in (a,c,e) each with their corresponding
SAED pattern shown in (b,d,f). Owing to identical in-plane structure of both ZB and WB along
the growth direction, polytypism is a common phenomenon in InAs NWs[27][10]. Since the crystal
structure of both cubic ZB and hexagonal closed pack (HCP)WZ is identical in the growth direction,
it is unclear from the SAED patterns, which one it is[11]. In order to confirm which crystal type
the NCs exhibit, one is required to change orientation from an axial point of view to one that is
aligned to one of the facets or corners of the NC. The top panel has the top NC aligned to its high
symmetry zone axis; the middle panel has the middle NC aligned to its high symmetry axis; and
the bottom panel has the bottom NC aligned to its high symmetry axis.

Under the assumption that the magnitude of the reciprocal lattice vectors are anything to go by,
both the top (a,b) and the middle (c,d) NC exhibit comparable reciprocal lattice vector magnitudes
within their own NC of the < 110 > directions as gTop

avg = 0.622±0.0014, and gMid
avg = 0.609±0.0012,

respectively.
These uncertainties, or spreads of values as they really are, are both below the combined un-

certainty inherent to the process of obtaining the data of σref = 0.0021, as extracted in section
7.2. Considering that everything, right from the process of obtaining the TEM micrographs to the
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Fig. 25: Nanocrystal structure SAED inspection. In (a-c) the NC that is aligned to their
high symmetry zone axis is the one at the top, middle, and then the bottom, respectively. (b-f)
shows the corresponding SAED patterns of (a-e), respectively. Scale bars are 100 nm.
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methodology of extracting data from them, has been identical, it sounds reasonable that σref is
transferable between each SAED analysis, and could potentially act as a guide, or indicator, of
when the magnitudes of the reciprocal vectors of similar planes e.g. < 110 > are reasonably close
to be classified as being identical.

If applicable in this way, then the top and middle NC each exhibit comparable reciprocal lattice
vectors within their own SAED pattern. Additionally, both of these NCs appear the indicate
a compressed or expanded crystal lattice in comparison to the reference structure, as discussed in
section 7.2, with relative reciprocal lattice vectors of ∆gTop = 1.1±0.2%, and ∆gMid = −1.0±0.2%.
A positive value corresponds to an elongated reciprocal lattice, which means that the lattice planes
in direct space is compressed, and vice versa.

The bottom NC acts differently. The SAED pattern of the NC appears to have differently
varying crystallographic directions of the < 110 type, as indicated by the relatively large spread of
the averaged reciprocal lattice vector magnitude gBot

avg = 0.609 ± 0.0032, which is on average a 3
2

larger spread than the reference σref . A large spread can be indication of relatively large variations
of the reciprocal lattice vectors, where the planes parallel to the (101) plane appear to be the most
affected ∆gBot

(101)
= −1.5%, and for the planes parallel to (011) with ∆gBot

(011)
= −0.8%, and parallel to

the (110) plane ∆gBot
(110)

= −0.6%. The one with the larges deviation with respect to the reference

NC, is in the direction along the long axis of the entire NC-structure potentially indicating the
merging of the bottom and middle NCs to affect the crystal lattice by straining it in a compressing
manner.

The qualitative assessment of the structure has already been discussed in the previous section 7.4
by the use of BF and DF micrographs addressing the intensity variations with relation to induced
strain. In respect to the values listed above, the small intensity variations of each NC could be
related to the relatively comparable reciprocal lattice vectors of the top and middle NC, respectively,
indicating similar stress-induced strainage in their respective crystallographic orientations. The
bottom NC appears to exhibit larger strain variation in the crystal as indicated by the −1.5%
deviation from the reference NC in the (101) plane, being considerably larger than the others. The
contrast variation as indicated by the BF (Fig. 25) and the DF (Fig. 23(a-c)), could explain such
large deviation of the reciprocal lattice vectors. In addition, for the middle NC, moiré patterns are
observed (Fig. 24) indicating a possible relaxation by dislocation, which also could potentially
account for the similar reciprocal lattice vectors of the < 101 > type.

Applying the same SAED analysis on a different NC-structure, as shown in Fig. 26, every
single NC exhibit a relatively large spread of reciprocal lattice vector values. Although the top
NC is disconnected from the rest, the average reciprocal lattice vector magnitude of the < 101 >
type is gTop

avg = 0.608 ± 0.0031, which is about 3
2 larger than the reference uncertainty σref . The

largest deviation with respect to the reference NC in the crystal is found in the direction of the
(011) planes, deviating with ∆gTop

(011)
= −1.6%, and for the direction of the (101) plane there is a

∆gTop

(101)
= −1.2% with respect to the reference NC, and finally of the (110) plane, the deviation is

quite small ∆gTop

(110)
= −0.6%. Hence, all show indications of enlarged crystal lattice in direct space.

For the two merged NCs (i.e. middle and bottom NCs), they exhibit quite similar tendencies.
Both exhibit large spread of reciprocal lattice vectors of the < 101 > type. The average values
are gMid

avg = 0.607 ± 0.0044, and gbotavg = 0.607 ± 0.0039, both close to having spreads double of the
uncertainty related to the process σref . This could be indicative of relatively large strainage effects
in the respective NCs.
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Fig. 26: Nanocrystal structure SAED inspection. In (a-c) the NC that is aligned to their
high symmetry zone axis is the one at the top, middle, and then the bottom, respectively. (b-f)
shows the corresponding SAED patterns of (a-e), respectively. Scale bars are 100 nm.
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Remarkably, their deviations from the reference values of the single NC in section 7.2 follow the
same ordering in respect to the crystallographic planes. The direction, which exhibits the larges
deviation is parallel to the plane (101) of ∆gMid

(101)
= −2.1%, and ∆gBot

(101)
= −2.0%, for the middle

and bottom NC, respectively. The second-most affected direction is in the direction of the (011)
planes of ∆gMid

(011)
= −1.0% and ∆gBot

(011)
= −1.0%, respectively. And for the (110) planes of the two

NCs, the deviations from the reference NC are ∆gMid
(110)

= −0.7%, and ∆gBot
(110)

= −0.8%.

All of this values are indicative of an enlarged direct lattice spacing of either NC. The remarkable
thing about the two merged NCs, is their similar values in every direction, and the fact that the
largest deviating directions of the (101) planes are in the direction of the corners used to merge the
two. See Fig. 26(c,e). In the DF micrographs of this NC-structure, if the (101) plane is isolated
to observe the diffracted electrons of those planes (Fig. 23(i)) the most intense illumination is in
fact observed at the merged junction. Hence, it indicates a large crystal lattice bending potentially
as a consequence of the the merging of the two NCs.

Although scarce on data, some tendencies are observed for this kind of SAED analysis. In
general for the cases of the NC-structures consisting of NCs conjoined by the corners, when they
exhibit reciprocal lattice vector of the < 101 > type with relatively large spreads of distances for
the individual NC, the largest deviation in respect to the reference NC, is in the direction of (101)
planes, which coincidentally is along the path of the longitudinal axis of the entire structure. This
does not have to be odd, as previous studies on core-shell structures indicate that the larges in-
plane strain is found centered around the corners of a hexagonal NW core, as well as relatively
large values at the facet interface[1],[29]. However, when the merging of NCs excedes beyond
the corners, but incorporates the facets as well (see Fig. 22(e,f)), the reciprocal lattice vector
deviations from the reference NC increases. In this case with averages of ∆gBot = −3.3±0.6%, and
∆gBot = −3.3 ± 0.7% (see Fig. 22 (e,f), respectively), which could play in hand with a reduced
elastic modulus for larger structures[45], resulting in more readily distorted structures as a result
of experienced shear stress. Consult the Appendix for the raw data of all of the SAED analyses.

7.5 InAs/AlSb/InAs Core Double Shell Architecture

In this section the focus will still be on cross-sectioned NWs, but only for a different system. A break
or damage to the specimen, or material, during slicing it using the Microtome is unacceptable. The
mechanical properties of the material is therefor extremely important. Studies on various materials
have been reported, and for the cases of In, As, Al and Sb, they have either been classified as being
intact or predicted to remain intact after sectioning[12].

Combining different semiconductors and metal alloys to engineer and manipulate the band line-
ups offers a broad variety of complex heterostructures. Since InAs and AlSb have different band-gap
energies of 0.36 eV and 1.61 eV, respectively, and AlSb haveing its conduction band edge 1.35 eV
above that of InAs, they will theoretically form an extraordinarily deep quantum well with high
tunneling barriers[28]. In fact, compared to an Sb-alloy counterpart of GaSb, which would form
a less deep quantum well, the InAs/AlSb quantum well can posses similar or even higher electron
mobilities. This is likely due to surface donors residing in the capping layer - in our case of InAs -
transferring into the quantum well thereby increasing the pinned fermi level inside of InAs[49],[35].
Due to a staggered type-II band alignment of this heterostructure, the electrons and holes are
effectively separated, with the holes trapped in the AlSb valence band and electrons residing in
the conduction band of InAs[30]. The InAs capping layer is important to passivate the InAs/AlSb
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Fig. 27: InAs/AlSb/InAs. In (a) is shown a SEM image, where in (b) is shown a TEM mi-
crograph of an InAs/AlSb/InAs heterostructure. In (b) SAED patterns are obtained from the
color-coded dashed squares. (c) shows signatures of polycrystalline material, whereas (d) only
shows the SAED pattern of the InAs core.
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quantum well, as the Al of AlSb easily oxidizes.
In Fig. 27 cross-sectional views of two different InAs/AlSb/InAs grown NWs; one observed

using an SEM, and the other a TEM (a,b), with corresponding SAED patterns of the InAs core
and of a larger area including both the shell and the core outlined by color-coded dashed boxes
(c,d). The SEM micrograph (a) probes the surface and displays contrast mostly depending on
a combination of topography and density. Assuming a uniform, and relatively horizontal cutting
motion of the Microtome, it is assumed that the major contrast influence is due to the density of
the specimen. The core exhibits slightly lighter intensity than attached shell, which is likely due to
Sb being heavier than In or As. The outer-most flower-like shell displays high contrast, likely to
originate from Al reacting with oxygen. The grainy structure of the outer-most shell is similar in
style with oxygen rich Al regions under TEM and SEM investigation[6],[23].

The SAED patterns (c,d) corresponding to different inclusions of the CS heterostructure in (b),
show an InAs core aligned to its high-symmetry zone-axis ZB[111]/WZ[0001]. Due to polytypism
and identical crystal structure in the growth direction, it is unknown whether the InAs is in the
WZ or in the ZB phase. The AlSb also exists in WZ or ZB phases[24]. If the InAs core and the
AlSb were to exhibit different crystal phases, then there would be a 30◦ rotation between identical
patterns. However, this is difficult to determine, as the rings of certain crystallographic planes
indicate polycrystalline material (c). The polycrystallinity is likely to be attributed to the AlSb
shell, as these rings are not present in the SAED pattern of the InAs core. It has been reported
that tensile stress can induce dislocations, which consequently can render a single crystal into a
polycrystalline material[33]. Although, it is speculative, it could be that the oxidative process of Al
in AlSb deforms the crystal into an amorphous structure, which is accompanied by a metal-oxide
interface of AlSb-Al2O2 with a different interface potential[20] than metal-metal. Due to such a
change of environment, it could cause there to be varying stress-fields in the crystal of tensile and
compressive kinds, potentially resulting in a transformation of a single crystal to a polycrystal.

Even though bulk InAs and AlSb exhibit a small crystal lattice mismatch of only 1.3 %, at
the interface of the two semiconductors, large strain is present due to no shared elements of each
compound. The optical and electronic properties of InAs/AlSb heterostructures are drammatically
affected by the type of interface. The different bond types of Al-As and In-Sb have vastly different
bulk lattice mismatches of -6.6 % and +6.9 %, respectively. Thus, the type and extend of inter-
face bonding can be responsible for large local distortions[50], [43], [36]. Since devices are highly
sensitive to the structural and chemical properties of their interfaces, a seemingly film consisting of
Aluminium oxide on the heterostructure interface[20], as shown in Fig. 27, can alter the properties
of the intended deep quantum well.

In the following sections, the electron transport is investigated of the serial conjoined InAs NCs,
and of the heterostructure discussed here.
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Fig. 28: A typical depiction of a field-effect transistor device investigated. The graphic shows
three InAs nanocrystals (dark grey) in series surrounded by resin, however in most of the cases in
this work the channel consists of one to three nanocrystals, which either have a small gap between
them or are merged together to some extend. A simple illustration of the electrostatic voltage
sources and where they are applied. A bias current is controlled by the source-drain voltage applied
to the Ti/Au (5/200 nm) electrodes (golden), and a voltage is applied to the Si back-gate which
capacitively couples to the InAs nanocrystals by setting up an electric field through the SiOx layer.

8 Electron Transport in Nanocrystals

A presentation of not-so-succesful devices, but there might be something to work with in the future.
As previously described (in section: Fabrication) the fabrication of nanoskived nanowires proves

difficult with a multitude of challenges, and not all kinks of the process has as of yet been illuminated.
Consequently, working devices is presently a rare sight. Nevertheless, every once in a while some
do in fact show show conductive properties, and these devices are the ones in focus in this section.

All of the NCs investigated are of similar type; they are all two-terminal devices with Ti/Au
(5/200 nm) source and drain contacts along with a global back-gate, as depicted in Fig. 28. The
sectioned wires themselves vary greatly, however. The length, diameter, inter-wire separation are
all parameters which vary - all of which are discussed in section (section: Device fabrication and
its challenges).

Due to the challenging part of fabricating devices not all sets of devices came out as hoped, and
not all devices came out as hoped in the very same processing run. An overview of such processing
run is illustrated in Table 2, where a high yield is something to be missed. Here, six devices
exhibited metallic contact with linear current response to applied bias voltage. However, after cool
down to 2.6 K one of those devices lost its linear response and remained a constant current even
at varied bias voltages. The other five devices remained their linear behaviour. The five out of
21 devices in total for that particular processing run means a success rate of 24 percent - With
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Device ID Nanocrystals Source-drain separation [nm] Resistance [kΩ] Average 2G0

11 1 120 2.44 0.05
13 2 256 5850 0.001
16 n/a 68 1.45 8.6
17 n/a n/a 2.47 4.8
18 2 94 846.4 0.01
19 1 102 1.49 8.3

Table 2: Room Temperature Data. Plenty of challenges surround the fabrication of devices
made of nanoskived nanowires. To illustrate the rate at which successful devices are fabricated for
a single processing run, here are shown six different devices of a complete set of 21. For each device
room temperature (RT) measurements were performed, and for those showing metallic character,
a linear curve was fitted to extract the resistance of each device. The number of nanocrystals
each device consist of indicate the expected barriers formed as well as the separation between each
electrode are listed. The ’n/a’ indicates when a specification is unable to be obtained for various
reasons.

so few functioning devices it is difficult to tell what does the trick. Having already addressed the
issues in previous chapter (SECTION: device fab and challenges), it becomes clear what to avoid
to successfully fabricate devices. The remaining of this chapter is focused on a closer look on some
of these functioning devices.

8.1 Room Temperature Response

As mentioned in the introduction of this chapter only a hand full devices of a single processing run
showed ohmic behaviour. The metallic characteristics can be seen in Fig. 29. In (a) is shown
six devices with linear responses to bias voltage, although some are more linear than others. The
less-perfect linear responses are framed with a dashed box, and shown in (b). Linear functions have
been fitted to the data to extract the resistances, which are shown in Table 2. It is worth noting
that device 13 is close to having a flat curve, which more-or-less tells that it is not very responsive
to the bias. At cryogenic temperature of 2.6 K, it no longer exhibits a similar linear response, but
is completely unresponsive (see SUPPLEMENTARY INFO). In Fig. 30 some of the devices is
displayed. The other devices are difficult to view as resist covers them completely or missing NCs
after measureing (see SUPPLEMENTARY INFO). In Fig. 30 they all exhibit different structural
characteristics. Device 11 (a) consists of a source-drain channel length of 120 nm, and exhibits
a resistance of 2.44 kOhms at RT. Unfortunately, the sectioning directions was close-to parallel
with the long axis of the entire NC structure, which is probably the reason for the crevasse at the
center of the device. Device 18 (b) exhibit relatively large resistance of 846 kOhms. The channel
appears to have a small 2 nm gap in between the NCs. Several other non-functioning devices also
appear to have gaps between the electrodes, but non as small as 2 nm (see SECTION: DEVICE
FAB AND CHALLENGES). Device 19 (c) is a different case than the two others, as this one at
first glance appears to be a single NC, which exhibits one of the smallest device resistances at RT
of 1.49 kOhms.

....
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Fig. 29: Linear I/V characteristics. In (a) is shown all of the devices with metallic charac-
teristics for a specific processing run, with the dashed box focused on three of the devices to be
enlarged in (b). The legends are device IDs. Devices 16, 17 and 19 all have what appears perfect
linear responses, whereas devices 11, 13 and 18 have not. Note the y-axes: (a) is in 100 nA, and
(b) is in nA.

8.2 Quanutm Phenomena in InAs Nanocrystal Devices

Reducing the temperature to that of the cryogenic kind reduces thermal excitations and lowers
the phonon vibrations in the crystal lattice, and will allow access to the finer electron transport
characteristics of the InAs NC. In this section the focus will be on Device 11 as it exhibits pronounced
quantum dots signatures and resemblance of Fabry-Perot oscillations. In addition, the other devices
discussed in the previous section will also be highlighted as they did exhibit some interesting
quantum transport phenomena, although faint due to current leakage to the back-gate greatly
limiting the measurements.

8.2.1 Nanocrystals in Series as a Device

The most promising device fabricated on a series of InAs NCs is the one shown in Fig. 31 (b).
The figure illustrates the sectioning process with (d) displaying graphically what slice number of
the nanowire was used. The very first adequately shaped slice, as described in Section ??, is defined
to be at zero and can be seen in (a). Four hundred nm into the sectioning, and the corresponding
wire-structure as seen in (a) is located and used for device fabrication, as shown in (b). The red
dashed outline indicates the part of the wire used for device fabrication. The keen eye will notice,
that the wire used for the device is mirror-imaged, as can be seen in the inset of (b). It is likely
that the lamella itself, containing the wires, flipped on its head during transferring of it the the
device substrate. A single section further into the sectioning, and the very same wire is seen in (c).
As is clear from the showings of the cutting process of this particular wire (see the red arrows), the
continuous exertion of pressure or stress applied to the wires resulted in a continuously degrading
of the wire structural integrity. It should be noted that the cutting direction of this particular
sectioning process was along the long axis of the structure, i.e. more-or-less parallel to the wires.
The white arrow in both (a,b) serves as a guide to the eye tracking the striation across the wire. At
the section of 500 nm (see (c)) it is less clear where this striation is, as more of them has appeared;
likely a consequence of the cutting process resulting in fractured wires. It should be noted that a
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Fig. 30: Metallic devices. False-colored electrodes. Some different NCs turned into devices with
metallic characteristics as can be seen in Fig. 29. In (a) is device 11, (b) is device 18, and (c)
is device 19. Devices 11 and 18 appear to have relatively high metallic resistances, whereas device
19 exhibit a much lower one. All three of the devices exhibit some structural differences; 11 looks
to have a crevasse in its conducting channel; 18 appears to have a gap in-between the two NCs of
about 2 nm; and 19 consists of a single NC, which is likely a merging of two NCs. The dashed
outlines display the size of the NCs, and the colors refer to their I/V-characteristics in Fig. 29.
Scale bars: 100 nm.

third section was transferred to a TEM grid, but unfortunate placement of the lamella meant that
the exact wire corresponding to the ones shown in Fig. 31 was lost. See Appendix section ?? for
an expanded version of figure Fig. 31 including SEM and TEM of a different wire of the same
cutting process tracked across different sections. Clearly visible barrier at the junction of two NCs
emerge in the TEM micrograph which is not visible using the SEM.

8.2.2 Electrostatic Gating

The device under investigation, shown in Fig. 31, is a two-terminal device with a global back-gate.
Manipulating the electrostatic potential of the device clearly alters the conductance as seen in Fig.
32. In (a) is shown four sets of zero-bias conductance all with up- and down sweeps. Each set is
separated by 0.2 conductance due to hysteresis, as all sweeps displayed on the same horizontal line
(i.e. no separation) would result in a jumble of conductance peaks. The darker tones are down
sweeps, and in general tend to remain more stable over multiple sweeps in contrast to the up sweeps.
Nevertheless, as indicated by the black vertical arrow, subsequent sweeps performed one after the
other increases the stability. The instabilities and hence the variations of the potential landscape
can also be seen in Appendix section ??. The two back-gate voltage areas under investigation are
the ones marked with dashed boxes: panel (i) and panel (ii). Panel (i) and panel (ii) are enlarged
in (b) and (c), respectively. The reasoning for the panel outlines placements in (a) is because the
bias-spectroscopy measurements performed at these gate voltages were performed right after those
individual sweeps, and perhaps serve to better describe the data. As is clear from these two panels
is the hysteresis of the earlier sweeps, whereas subjecting the device to multiple bias sweeps in a
row increases stability. In addition, the high positive voltages applied by the back-gate strongly
affects the sizes of the conductance peaks, which could be due to stronger couplings to each energy
level in what resembles signatures of a quantum dot due to alternating conductance peak formation
and near-zero conductance regions in-between. Typical character of single-electron tunneling.

After performing some stabilizing up and down bias sweeps, two conductance resonances inside

45



Fig. 31: Cutting Flow Process of the Device. Sections of the same wire are obtained showing
morphological variations as the cutting went on. (a) SEM image of the wire used for device marked
with red, dashed outline cut 400 nm lower/earlier on the wire. This sectioning height is defined as
zero. (b) device made on section cut 400 nm above the defined zero. Red outline marks the device
size, and is the corresponding part marked in (a). The white arrows on these two images show a
possible fracture due to the cutting process. The inset of (b) is low resolution, fast and automated
SEM image of the wire used for the device. Here, the alleged fracture is more prominent. (c) the
following section, now at 500 nm above structure shown in (a), exhibit an increased amount of
fractures. Nanowire in (b) is flipped on its head. (d) a graphical illustration depicting the cutting
flow of the shown SEM images, with the cutting starting from the bottom of thw nanowire. All
scale bars are 100 nm.

of the gate-voltage range of 9.5 V to 12 V were examined, as evidenced in Fig. 33. These two
peaks are also observed in the bias-spectroscopy measurement performed in the region of panel (i),
see Fig. 34 (a), hence the electron number indication of N + 1 in Fig. 33 (a). These high
resolution measurements (relatively compared to the ones performed in Fig. 32) are suited for
extracting their width; meaning a quantitative parameter on the peak broadening can be obtained.
At low temperature, there are two slightly different equations that can be employed to describe
the conductance resonance line shape[19][25]. The first being one describing the resonance due to
thermal broadening,
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Fig. 32: Linear conductance versus backgate voltage. The device depicted in Fig. 31 shows
hysteric character while varying the back-gate voltage; continuously sweeping up and down. (a)
shows such behaviour where sweeps are separated into sets of up and down, with the next sets each
separated by 0.2 G with respect to the sets coming before them. The vertical arrow indicates the
order of sweeping: First down, then up. Repeadetly. The dashed areas marked with (i) and (ii) are
both enlarged in (b) and (c), respectively. Both of these areas are subject to bias-spectroscopy to
be shown later in this section.
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Fig. 33: Conductance Resonances. Two conductance resonances (a) are analyzed; one denoted
as the left resonance (b); the other denoted as the right resonance (c). Two different, yet similar,
fits are deployed as analysis tools. The red dashed fit is a temperature dependent conductance
function, whereas the orange dashed fit is a Lorentzian function relying on coupling to broaden a
resonance peak.

G(Vg) = Cosh−2

(
α
[Vg − Vg0]

2kBT

)
G0 (4)

and the second is the Breit-Wigner formula, which is applicable for higher-order tunneling
processes, but also works for conductance resonances which are broadened due to coupling of the
leads to the single-electron levels of the quantum dot; displaying a Lorentzian resonance line shape,

G(Vg) =
2e2

h

(hΓ)2

(hΓ)2 + α[Vg − Vg0]
(5)

where, for both equations, α =
Cg

Cε
is the conversion factor with Cg and Cε being the gate

capacitance and the system’s total capacitance, respectively. Vg is the gate-voltage, Vg0 is the gate-
voltage position of the resonance; G0 is the amplitude of the resonance; kBT is the thermal energy;
and hΓ is the coupling resulting in broadened resonances.

These two equations both describe the shape of a resonance. For the thermally broadened
resonance Eq. 4 the width is simply described by the FWHM = 3.53kBT which coincidentally is
also a measure of the absolute temperature of the electron. For the Breit-Wigner formula Eq. 5
the parameter hΓ describes the width of the resonance, which relates to the coupling.

Applying both equations to extract fit parameters result in the fits as shown in Fig. 33 (b)
and (c) where the Eq. 4 is the red dashed line fit, and the Eq. 5 is the orange dashed line
fit. Both fits are nearly identical, but considering that the system is cooled down to 300 mK; a
thermal energy corresponding to kBT = 0.026meV it would be unlikely that the majority of the
resonance broadenings are consequences of thermal broadening. In addition, the FWHM of the
two resonances, acquired from the temperature-dependent fits of Eq. 4, are ΓFWHML

= 178.1meV
and ΓFWHMR

= 195.5meV , respectively. Both of these energies are much larger than the thermal
energy Γ >> kBT , which illustrates the broadening is not due to temperature, but coupling of the
leads to the quantuzed energy levels. The broadening fit-parameters acquired from the Lorentzian
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Fig. 34: Caption

line shape Eq. 5 are hΓL = 12.2meV and hΓR = 470.2meV , respectively. Although smaller than
the widths acquired from the thermally dependent fit, they both still are much larger than the
thermal energy.

These relatively large energy scales indicates that one can probably expect the excited states of
each quantized ground state to be smeared out and therefor non-resolvable in a bias-spectroscopy
measurement, as we will see in the following section.

8.2.3 Quantum Dot Signatures in InAs Nanocrystal

As Fig. 32 (b) and (c) show, both have hysteric behaviour to some extend; one more than
the other. This means when doing bias-spectroscopy measurements of these two areas, it can be
difficult to estimate the number of coulomb blockade diamonds. This goes mostly for the sweeps in
panel (i). Panel (ii) indicates potentially four diamonds. However, as the hysteresis interferes with
such qualitative estimations, the bias-spectroscopy performed in each region is accompanied with
their zero-bias traces (i.e. not actual measurements but data points from the bias-spectroscopy
measurements). See Fig. 34.

The traces in (c) and (d) show resonance-like behaviour, which is likely the indication of
quantization of electrons residing on the quantum dot. The numbering is indicated with N since
it wasn’t possible to deplete the quantum dot, meaning the actual number is unknown. The traces
is thus used in order to estimate the number of diamonds in the 2D-sweeps seen in Fig. 34 (a)
and (b). The diamond sizes along is difficult to predict, as noise limits the visibility. As already
discussed, the device itself does not look intact, and is likely very disordered in that regard. It
could be that such fractures form multiple unintentional quantum dots, which all would experience
some degree of capacitive coupling both to the back-gate, but also the environment producing
asymmetrical electrical fields. It also appears that the lead coupling changes vs. gate-voltage, as
can be seen by the change of slopes starting as symmetrical diamonds at the gate range of 9 to 14
V, and changing to asymmetrical slopes with stronger coupling to the drain in larger gate range of
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Fig. 35: Caption

15.5 to 20 V.
To this point several reasons has been mentioned which could contribute to the noise seen

in the diamond plots, which makes it difficult to properly estimate the sizes and shapes of the
diamonds. Varying the conductance saturation also changes the visibility of the diamonds. See
Appendix for such an example. Using the zero bias sweep traces in Fig. 34 and fitting gaussians
to each conductance peak in order to extract amplitude conductance values, we get six different
conductance threshold values. Using these values to ’search’ for the borders of the diamonds result
in diamonds of varying shape and sizes as depicted in Fig. 35.

In (a) three of the six types of threshold values and their corresponding diamond fits are on
display. The remaining three has been omitted due to an increased clustering limiting the view.
The extracted addition energies Eadd, and slopes of each diamond is on view in (b) and (c) along
with their average value which is displayed in red with dashed lines to guide the eye. The shapes
of the diamonds exhibit remarkable addition energy variations which is typical indication of an
even-odd characteristic of spin-degeneracy[4]. This would imply a observing of excited quantized
states. However, for such energies to be observable the broadening of conductance resonances has
to be smaller than the level-spacing Γ < ∆E, in which, as seen in the previous section 8.2.2, does
not seem to be the case due to the coupling strength. It obviously begs the question as to why the
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diamonds vary in shapes and sizes. If the level spacing indeed is not the cause of the variations,
then it can be assumed to be vanishing, meaning the addition energy only consists of the charging
energy Eadd = EC . As it turns out, if we utilize the charging energy to estimate the size of the
conducting channel responsible for the pattern observed in Fig. 35 (a), using the self-capacitance
of a flat disc given by,

CFlatDisc = 8ϵrϵ0R (6)

where ϵr and ϵ0 are the dielectric constant of the surrounding medium and the vacuum permit-

tivity, respectively; and R being the size of the capacitor. Combining the charging energy EC = e2

C ,
where C is the total capacitance experienced by the device, with the Eq. 6, one can estimate the
size of the channel responsible for the size of the diamond. Applying this to the average value
of the addition energy of each diamond as resolved by the diamond-border algorithm, we get the
following sizes: RD1 = 230.70± 29 nm; RD2 = 60± 11 nm; RD3 = 109± 14 nm; RD4 = 69± 7 nm;
and RD5 = 206± 1 nm, respectively. Here the subscript indicates which diamond the size has been
estimated from (counting from left to right).

Although these values seem arbitrary and without any correlation, it is still striking that if one
were to measure the distance of the different dimensions of the device in question, it is possible
to actually relate the estimated sizes to actual device lengths. Starting with the size estimated
from the first diamond and working our way up, the actual sizes has been measured to be the
following: RRgtMb = 232 ± 2 nm; RSMb = 63 ± 2 nm; RSD = 111 ± 2 nm; RDMb = 74 ± 2 nm;
and RLftMb = 205 ± 2 nm, respectively. These measured distances correspond to the following:
RRgtMb as the far right end of the wire structure to the middle fracture (denoted as Mb; short for
the ”middle barrier”), as observed and already addressed in Section 8.2.1, Fig. 31 (see the white
arrow). The size RSMb is the distance from the source (left-hand lead) to the middle barrier; RSD

being the distance from the source to drain (i.e. the entire distance from the left to the right lead);
RDMb is the distance from the drain (i.e. right-hand lead) to the middle barrier; and finally RLftMb

is the distance from the far left end of the wire-structure to the middle barrier. See Appendix for
the device marked with the various distances. It should also be noted that the uncertainties of
the capacitance-estimated sizes are determined through standard error propagation applied to the
combined expression of Eq. 6 and the charging energy; while the errors of the measured distances
all are identical due to an approximated uncertainty related to moving the tracing line one or two
pixels at each point.

Even though strain and disorder potentially could result in the emergence of accidental quan-
tum dots[37, 4], another explanation is the formation of gate-induced potential barriers at the
contacts[26].

To further show that the size variations are due to various quantum dots formation, and not as
a consequence of spin-degeneracy, the difference of alternating diamond heights are in the range of
3 mV to 7 mV. This means in general the charging energy is less than previously estimated, which
would result in smaller conducting channels, that would otherwise not be discernable. In addition,
it would also mean that the coupling strength would be less than estimated previously, which as it
appeared are much larger than the allegedly level-spacings. Furthermore, the width (138 ± 2 nm)
and longitudinal dimensions, as already addressed, of the device are all longer than the Bohr-radius
for InAs a∗B = 30 nm, effectively meaning that there are no visible nor size-determined quantum
dots in the current system where the level-spacing becomes the dominating energy scale[19]. Hence,
it is the Coulomb interactions that dominates rather than confinement.
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As a minor comment, in Fig. 35 (c) the lever arms of the negative and positive kinds, both
appear to be rather constant, and with close to similar absolute values for both of each diamond,
indicating that at current gate voltages (9 to 14 V), each lead couples to the quantized energy levels
with more-or-less equal strength.

Applying the same kind of analysis to the gate range 15.5 to 20 V, we get results as those
seen in Fig. 36. Going through the same analysis as previously, we observe a complete different
pattern of diamonds. The shapes are slanted; meaning one of the leads couples with higher affinity
to the energy levels of the dot. There is no similar alternating diamond size variation; indicating
that the gating seem to have less of gate-voltage correlation to the sizes, which could be explained
as an increase in barrier transmission probability of some of the dots. Consequently, the slightly
disappearance of the smaller-looking dots could be the result of the barrier transmission increasing.
The trend of increasing sizes with increasing threshold values, as seen in (b), is some-what in
contrast to the diamonds at gate-voltage range of 9 to 15 V, where some of the diamonds would
seem to stop growing even for larger thresholds.
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Fig. 37: InAs/AlSb/InAs heterostructure. The device is shown in (a), with a corresponding
SEM image in (b). In (c) is a schematic depicted of the band diagram, as well as a graphical
depiction of the device.

8.3 Fabry-Pérot Signature in InAs/AlSb/InAs Nanowire Heterostruc-
ture

Having in the previous section discussed the coulomb blockade effect in quantum dots due to single-
electron tunneling between barriers of weak coupling between the leads and NC, a different quantum
phenomena is observed, which to large extend differs mostly due to stronger leads-NC couplings.
In this context we talk about close and open quantum dots, respectively.

In contrast to the case of closed quantum dots, in open quantum dots the leads-NC coupling
surpasses the charging energy of the system Γ > EC [21], which effectively broadens the conductance
resonances to a point of where charging effects no longer dominates the system. Although the
broadening results in increased transmission probability across barriers, the electron waves are
likely to interfere in-between a set of barriers due to scattering off of them.

The occurrence of such events are analogous to the optical Fabry-Pérot interferometer[9] in which
electron waveguides reflect off abrupt mirror-like interfaces resulting in waveguides interference
inside of the cavity.

In Fig. 37 is a device consisting of a cross-sectioned InAs/AlSb/InAs heterostructure nanowire
slab of expected thickness 100 nm. The Au/Ti (200/5 nm) electrodes defined by electron lithography
have an approximate distance to each other of 80 nm as determined using SEM. In Fig. (b) a
different NC than the one used for device fabrication is seen. As is clear from the SEM image, the
heterostructure exhibit a strangely looking outer shell, but do consist of a hexagonally shaped InAs
core with an AlSb inner shell. The structure is representative for this growth with an approximate
core diameter of 144 nm; inner AlSb shell thickness of 19 nm, and outer shell 146 nm, These values
varies slightly from each individual NC. In (c) is depicted an illustration of both the two-terminal
device geometry, and the band diagram of the structure with energy band gaps for InAs of 0.36 eV,
and for AlSb the conduction band is 1.61 eV above the valence band, resulting in a large conduction
band offset of 1.35 eV above that of InAs between the two materials[28].

Ohmic contact to the shown device was achieved with a resistance of 20 kΩ at room temperature.
At 2.6 K the device exhibited transport as seen in Fig. 38. In (a) is shown zero-bias conductance
vs. backgate voltage. Unfortunately, there was a lack of sweeps in this particular gate region of
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Fig. 38: Fabry-Pérot-like feature. In (a) is shown a conductance trace at zero bias voltage of the
bias-spectroscopy plot in (b), as well as a conductance versus backgate of an actual measurement,
shown in green. The arrows in either plot (a,b) indicate a small range of quasi-periodicity exhibiting
similar backgate periods of ∼ 1.3V.
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5-25 V, hence the zero-bias trace of raw data points obtained from (b) is displayed along the three
occurring conductance dips close to gate voltage of 5 V. The system did exhibit some hysteresis,
which can be seen in the trace data. However, the actual measurement (green) from 5 V to 10 V
does show the occurrence of four resonance amplitudes with three dips in conductance.

Such oscillations of alternating resonance amplitudes and conductance dips which does not reach
zero, or reach close to zero like in the cases of closed quantum dots, is a feature of Fabry-Pérot
interference due to stronger coupling than for closed quantum dots. The stronger coupling means
that the resonances broadens and a background conductance appear. In this case the background
conductance is a little less than 0.4 2e2/h, and reaches a maximum value of around 0.8 2e2/h,
indicating that transport probably consists of 1D degenerate subband charge carriers[26]. The
positive backgate probably indicates electron-based transport as the asymmetric electric field bends
the conduction band of InAs such that electron charge carriers can occupy the conduction band and
contribute to transport[15]. Pinch-off was not observed even for large negative backgate voltages:
Reaching -70 V, though it is possible such phenomena was missed. See the poor resolution of Fig.
38 (a), it is likely that the resolution made it more difficult to observe it.

The oscillations as seen in (b) with a finite background conductance is indication of Fabry-
Perot interference, however it is not a typical checkerboard pattern as is normally reported for
such phenomena[15], [26], [21], [41], where the pattern has pronounced conductance oscillations
with quasi-periodicity and is modulated by both the gate and bias voltages. Here there is some
indication of quasi-periodicity with the three resonances in Fig. 38 (a) and (b) having similar
gate-spacings of ∆VBG = 1.3 V, however since it is taken from only two resonance dips, then it is
likely not representative for the system. Additionally, the variations of conductance dips at zero
bias voltage, and the lack of dark lines in VSD-VBG space could indicate disorder to some extend
affecting the manner in which electron propagates through the device[31]; impurities on the surface
could potentially lead increased backscattering impacting the background conductance[26].

55



9 Conclusion

In conclusion, nanocrystals are not a particularly new means of investigating or characterizing
the structure from a material perspective, however when it comes to device fabrication nothing
much has been reported on them. Thus, the nancrystal platform for device fabrication can have
many unknown issues just waiting to be discovered and eliminated. The work done here illustrates
that point of uncharted territory. As an example, while an aged and/or contaminated epoxy resin
mixture is still usable for cutting sections with the microtome, it is not so for a subsequent device
fabrication step. If the aim is to characterize the cross-sections by means of material charaterization
tools, then it still works. Nevertheless, the improved understanding of the nanocrystal platform by
means of ashing times, and perhaps also heating, is the first step towards reliable device fabrication.
At present stage, the findings still have to be put to the test.

Moreover, the devices that did work never exhibited any form of representability, maybe except
for the InA/AlSb/InAs, although the succesfull outcome of that device fabrication round was limited
to that single device. The device exhibiting noisy quantum dot signatures was a device consisting
of fractured and broken NCs likely due to the cutting direction being parallel the long axis of the
structure. It is also suspected that this is indeed why it worked, as the fractures could pierce
through any residuals lying on their surfaces.

As it stands, with the current knowledge of the nanocrystals, the fabrication prospects appear
promising, as epoxy no longer shows sign of ashing resistance. The effect of heating the lamella
has on device fabrication is still unresolved. Nevertheless, in that regard, hardening the resist by
means of vacuum is an alternative.

10 Outlook

The reliably fabricated device is potentially still elusive, however if the issues has been solved,
then fabrication of the investigated NC structures in this work still needs to be fabricated and
characterized.

On the other hand, as this is a new platform for devices, it possesses the potential to be combined
with other materials. Even just combining it with atomic layer deposited films to passivate the
surface to enhance the electronic properties could be of interest.
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11 Appendix

Fig. 39: Caption
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Fig. 40: Caption
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