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Abstract

The traditional transistor miniaturization is resulting in devices experiencing quantum effects. Rather
than fighting these effects by developing new architectures of conventional silicon-based devices, the
long-term solution might be in revisiting existing knowledge of these fundamental concepts and
studying them in a well-controlled and methodological manner. Consequently, the newly emergent
insights could be applied to the keystones of modern-day electronic devices, such as one-dimensional
shape and the presence of heterointerface, but on different materials. This, in fact, has a potential to
yield an alternative approach to information processing and computation.

Nowadays, it is possible to obtain nanostructures of any shape and size due to recent breakthroughs in
nanofabrication. This thesis aims to exploit such possibilities to simulate an experimental environment
in which quantum confinement effect can be studied in a controlled manner on different one-
dimensional semiconductor nano-heterostructures. At first, a reliable methodology will be developed
to accurately determine the band alignment between two dissimilar semiconductors comprising a
heterointerface. This will be achieved on planar one-dimensional InGaAs nanostructures grown on InP
by selective area molecular beam epitaxy, a nanofabrication method which, to date, offers the best
control of nanostructure shape, size, position, and orientation in ultrahigh vacuum. The surface
reconstruction, as well as the entire structure morphology will be investigated in great detail by means
of atomic force microscopy and scanning tunneling microscopy, while the aforementioned growth will
be described by modeling the diffusion dynamics. A combination of low-temperature two-probe
scanning tunneling spectroscopy and room-temperature four-probe contact measurements will be
utilized to obtain accurate information about the band alignment and charge transport of the
heterosystem.

Once proven successful, the approach will be employed to study nanostructures of much smaller
dimensions, where quantum size effect is ever-present: colloidal CdSe nanoplatelets, which imitate the
typical optical characteristics of epitaxial quantum wells, but, due to anisotropic lateral dimensions,
make the understanding of the impact of finite lateral confinement on the behavior of the free charge
carriers more complex. In addition to the study of the morphology of the nanoplatelets and of their
optical transitions, low-temperature scanning tunneling microscopy and spectroscopy investigations
will be performed. Once drop-casted onto the gold substrate, the density of states of the nanoplatelets
will be directly probed in order to accurately determine the extent of quantum confinement
experienced by the carriers as a function of the nanoplatelets thickness, temperature and spatial
configuration. The results which are, on one hand, inconsistent with foregoing quantum well-like
perception found in literature, while on the other, perfectly in line with our tight binding calculations,
will establish a solid baseline for the follow-up study CdSe/CdS core-crown nanoplatelets.



Résumé

La miniaturisation continue des composants électroniques a atteint un seuil au-dela duquel les effets
quantiques deviendront prépondérants. Plutét que de vouloir supprimer ces effets, il peut étre
intéressant de les mettre a profit. Mais ce changement de perspective nécessite d’avoir une
compréhension plus fine des propriétés électroniques de nanostructures semi-conductrices
considérées comme de potentiels éléments actifs dans des dispositifs futurs. Au cours de cette thése,
deux types de structures dont la géométrie s’apparente plus ou moins a un systéme uni-
dimensionnel ont été considérés: des nanofils semi-conducteurs III-V fabriqués par croissance
épitaxiale en ultravide et des nanoplatelets semi-conducteurs II-VI synthétisés chimiquement.

Dans le premier cas, 'épitaxie par jets moléculaires sélective de nanofils planaires composés d’'InGaAs
permet d’élaborer des nano-cristaux localisés précisément a la surface d’'un substrat d’'InP grace a
l'utilisation d’'un masque diélectrique. L’analyse de la morphologie de ces nanofils par microscopie a
champ proche a révélé une anisotropie de forme en fonction de I'orientation des nanofils. En modélisant
la cinétique de croissance, nous avons montré que cette variation de forme s’explique par une différence
de diffusion des adatomes liée a la reconstruction (2x4) de la surface (001) des nanofils. Les propriétés
de transport dans ces hétérostructures uni-dimensionelles Inos3Gao4sAs/InP ont ensuite été
caractérisées par microscopie a effet tunnel a pointes multiples. Deux approches expérimentales basées
I'une sur la spectroscopie tunnel a deux contacts, 'autre sur des mesures a quatre pointes en contact
ont été concues pour remonter a la mesure des discontinuités de bande entre le substrat d’'InP et les
nanofils d’InGaAs. L’obtention des discontinuités de bande est directe et ne requiert ni fabrication
d’électrodes, ni modélisation des caractéristiques I(V), contrairement aux techniques électriques
conventionnelles.

Dans un second temps, nous avons considéré des nanoplaquettes de CdSe, qui s’apparentent a des puits
quantiques colloidaux d’épaisseur limitée a quelques plans atomiques pour des dimensions latérales
comprises entre plusieurs nanométres et quelques dizaines de nanomeétres. Bien que les propriétés
excitoniques des nanoplaquettes aient fait I'objet de nombreuses études, le réle du confinement
quantique latérale sur la localisation des porteurs de charge est encore mal connu. En utilisant la
microscopie a effet tunnel, nous avons caractérisé des nanoplaquettes individuelles et des
nanoplaquettes assemblées en paquet pour déterminer la densité d’états en bande de conduction. Les
mesures spectroscopiques montrent l'existence, d’'une part, de singularités superposées a une
oscillation de la densité d’états, en bon accord avec la densité d’états calculée par la méthode des
liaisons fortes et, d’autre part, la présence de piége sur les parois latérales des plaquettes.
Contrairement a I'exciton dont le confinement est plus important, la délocalisation de I'électron est
fortement influencée par le confinement latéral et la présence de piege. A cet effet, des travaux
préliminaires par spectroscopie optique de nanoplaquettes coeur-coquille permet d’entrevoir l'intérét
d’une couronne pour mieux controler le confinement des porteurs de charge dans ces objets.
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Chapter 1 State of the art 1

Introduction

Based upon the everyday carry-on electronic devices, it is clear that the growing momentum
behind the integration of nanostructures into semiconductor technologies has established a healthy
collaboration of academia and industry. Yet, there are plenty of concepts which are readily utilized, but
not thoroughly understood and/or measured. For example, the cross-correlation between electronic
and optical properties of nano-heterostructures with the extent of quantum confinement, the type of
band alignment, their geometry, composition, surface characteristics, growth mechanisms, etc. It is
needless to say that to stimulate further technological development, these knowledge gaps need to be
filled with as less as possible experimental uncertainty. In fact, accomplishing this in the framework of
one-dimensional semiconductor nanostructures is the main objective of this thesis.

At its core, the experimental research is reliant on the development of the logical strategies to expose,
in most cases, the complex and dynamic nature of a given physical phenomenon. Different layers will
demand for different instrumental requirements or even, completely different forms of strategies.
Tailoring the logic behind a certain study necessitates the precise determination of the experimental
approach, by linking it to the set of peculiar sample properties, whilst facilitating its effectiveness and
reach. However, in the adolescent fields, such as nanotechnology, this task can be far from
straightforward.

. 1st Chapter .
SAG nanowires Colloidal nanoplatelets
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Figure 1.1 Context of the thesis as envisioned. Schematic representation of the experimental outline
with the samples involved. Using scanning probe microscopy to find answers at the boundaries of the
bottom-up approach. lllustration is also designed to highlight one or the other nanofabrication method
based on increase/decrease of production cost, sample purity and minimal nanostructure dimensions.

In this respect, the experimental strategy employed during the development of this thesis, facilitates a
context-neutral environment in terms of nanofabrication, to study fundamental notions which are
shared among most of the semiconductor nano-heterosystems. In other words, focusing on the
behavior rather than the origin, allows for the creation of the robust and controlled environments in
which a specific physical and chemical characteristic can be well-isolated and explored. This, if
combined with the direct nature of scanning probe microscopy techniques effectively eradicates most
of the analytical uncertainties.
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In a pragmatic sense, the sectioning of the thesis is done in four chapters, whereas contextually, only in
two, each one sited at the opposite boundaries of the bottom-up growth method (please refer to the
schematic layout in Figure 1.1). As it will be discussed in greater detail later down in the text, this
nanofabrication approach allows for designing and reliably constructing a semiconductor
nanostructure of any shape and size. However, depending on what would be the focus of the
fundamental study or application, the choice of which flavor of the bottom-up method will be used
becomes crucial. There are couple of tightly linked parameters to consider: fabrication cost, sample
cleanliness and nanostructure dimensions. Taking these into the account, two methods stand at the
extremes, selective area epitaxy and colloidal synthesis. Regardless of their respective advantages and
shortcomings, both are characterized by having outstanding growth control, capable of yielding highly
anisotropic nanostructures with exceptional crystalline quality, which is a key for the attainment of the
morphological or electronic one-dimensionality. Another impactful variable is bound to the fact that
most of the material property-defining phenomena take place at the nanostructure interfaces and
surfaces. With respect to the former, having atomically sharp compositional variations within a given
nano-heterosystems is a valuable resource to study a plethora of effects, which will be discussed further
down in this chapter. Whereas for the latter, having a possibility of preserving the samples before, but
also during the measurements is essential, which can be accomplished with the effective surface
passivation and ultra-high vacuum working environment. This further develops the discussion towards
Chapter 2, where the general outlook of the instruments used in this thesis is given. Aside from
complementary techniques, such as optical spectroscopies and electron microscopies, the other
instruments can fit into the group of scanning probe microscopies. These tools have been successfully
used for probing samples obtained by means of selective area epitaxy and colloidal synthesis. Starting
from the first, the experiment was performed on the InGaAs nanowires grown on InP. The results of
this study contain couple of major highlights, such as accurate measurement of band offsets between
the two materials, electronic transport properties and morphological characteristics of nanowire
structures of various shapes. These findings are described in detail in the third chapter. On the other
side of the spectrum, the quasi two-dimensional CdSe nanoplatelets were probed with the same
technique to reveal the true extent of quantum confinement, by performing scanning tunneling
spectroscopy on individual nanocrystals, but also when in an ensemble. To further extend our studies
towards nano-heterostructures of the same origin, we initiated the work by exploring optical properties
of CdSe/CdS core/crown nanoplatelets at cryogenic temperatures and in a high magnetic field. The
results of these studies are presented and discussed in the last chapter.



Chapter 1 State of the art 3

Chapter 1. State of the art

1.1 Semiconductors

Reflected by the abundance of silicone in the current electronic industry, the ubiquity of
semiconductor materials is evident. From light-emitting diodes, transistors, sensors, cameras, gas
detectors, lasers, solar cells, it is clear that semiconductor devices are deeply integrated in the modern-
day society. Simply put, and referring to their electronic characteristics, semiconductors can be placed
somewhere between metals and insulators. This is a direct result of a unique band structure which
dictates their optical and electronic properties. The presence of the band gap which is narrower than 3
eV is usually a defining parameter to classify a certain material as a semiconductor, instead of an
insulator.[1] The width of the band gap plays an important role in designing the functionality of the
future semiconductor-based devices.

1.2 Quantum structures

As the dimensions of the materials reach nanometric scale, one of the most pressing effects is the
confinement of the motion of the charge carriers (electrons and holes) and in the case of
semiconductors, also excitons (electron-hole quasiparticles). This phenomenon is known as quantum
confinement effect and it causes heavy modification of the band structure by shifting and degeneracy
splitting of the energy levels. As it is a quantum mechanical effect, the size threshold at which the
nanostructures are susceptible to it is generally determined by the properties of the quantum particles
involved. In the case of the electrons when the size of the nano-object is comparable to spatial extension
of electronic wave function, electrons will start to “feel” the presence of the nano-boundaries and
accommodate by the quantization of their energy and momentum. In practice, if at least one of the
dimensions of the nanostructure is smaller, comparable or larger to the exciton Bohr radius of its
material, the system can be portrayed to be experiencing strong, weak or no confinement at all,
respectively.[2] Depending in which geometry the motion of the carriers is impeded, the classification
of the nanostructures is the following:

2D quantum well: here, the carriers are confined in a potential such that their motion is
restricted in one dimension, leaving only a free movement in other two directions perpendicular to the
confining potential.

1D quantum wire: the carriers are experiencing the confinement in two dimensions, yet they
freely propagate in the third dimension.

0D quantum dots: the motion of the carriers is limited in all three directions.

Following on the classification listed above, the key to discriminate between these confined systems is
to examine the changes they experience with respect to their bulk counterparts. Most generally, these




4 Chapter 1 State of the art

can be found in the altered values of the band gap energy, band edge positions and finally, in the density
of states. The increase of the band gap energy, as the nanostructures get smaller was described by
Brus.[3] If one considers weakly correlated electron-hole bound pair, solving the Schrédinger equation
for the first excited state while considering the particle with radius R, within the effective mass
approximation for the kinetic energy and an effective medium approach with dielectric screening for
the potential energy, the band gap can be expressed as

E +h2n2 1 N 1 1.8e2_|_e2 (re+rh>2“ 11
g~ Pebulk T opa \m: "m; ) eR 'R /U R (1.1)

where, h is Planck’s reduced constant, n quantum number, € the dielectric constant, « the polarizability,
re and rh are the position for the electron and the hole within the particle, R is the nanocrystal radius,
and mg and my, are the effective masses for the electron and hole, respectively.[4], [5] Experimentally,
this trend is the most evident in optical spectroscopies, where absorption/emission energies are
becoming more and more blue shifted as the confinement in any given dimension of the nanocrystals is

increasing.
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Figure 1.1. Schematic representation of density of states as function of energy in bulk semiconductors
(3D), quantum wells (2D), quantum wires (1D) and quantum dots (0D).

As stated above, depending on the shape and size of a confined semiconductor, the density of states will
strongly differ when compared to bulk. These variations are depicted schematically in Figure 1.1. In
practice, this behavior can affect level occupancies, interband transitions, carrier density and mobility
of the confined system, and thus have great impact on its optical and electronic properties.
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1.3 The appeal of one-dimensionality in nanotechnology

In solid-state physics there are many exotic fundamental phenomena tied to the concept of one-
dimensionality, such as metal-insulator phase transition, superconductivity, and giant
magnetoresistance.[6]-[8]

In fact, electronic properties of solids of higher dimensionality can be successfully described by using
Landau Fermi liquid theory. In this way the many-body interaction problem is avoided by embracing
the notion of free particles. However, with the size reduction of bulk materials, the electron-electron
interactions become increasingly hard to neglect. The breaking point is reached with the one-
dimensionality.[9] Because of collective electron motion in a strongly confined environment, individual
excitations become no longer possible and the system is better portrayed by Luttinger liquid model.
The key feature of these systems is spin-charge separation and density of states suppression at the
Fermi level.[10] Such remarkable behaviors have been even observed experimentally.[11]-[13]

Furthermore, whilst staying within realm of quantum size effect (apart from zero-dimensionality),
electronic transport will most likely differ from bulk diffusion one. This distinct electron motion is
identified as ballistic transport and is a common appearance in 1D systems. It occurs if the channel
dimensions are smaller than the electron mean-free-path and it is characterized by the absence of
electron momentum relaxation through scattering events.[14] In this instance the transport will take
place through 1D subbands with each one contributing a quantum unit of conductance Go = 2e2/h. Thus,
the conductance of the whole 1D system can be estimated by G = GoT/R, where T and R are transmission
and reflection coefficients of the barriers with T + R = 1.[15] With InAs having long electron mean-free-
path in bulk, the prototypical example for this behavior are InAs nanowires.[16] Possession of this
characteristic, certainly contributes to them being an ideal candidates for applications in quantum
computing.[17]

Notably, the electronic perception of one-dimensionality discussed above is not the only one. This
concept can be also employed in terms of morphological characteristics, regardless of the extent of
quantum confinement. The key feature of one-dimensional geometry lies in large surface-to-volume
ratios. On the nanoscale, the objects which fit this description are nanowires, -tubes, -rods, -belts, -
filaments, -pillars etc. If the immense surface presence is combined with extremely small dimensions of
nanostructures, their material properties and applicability will vastly differ from their respective
macroscopic forms.[18] For starters, it has been shown that one-dimensional shape can offer
improvements in structural qualities of nano-objects, by increasing their defect and stress tolerance, a
highly desired trait for flexible-electronics.[19], [20] In addition, accommodating a material into a one-
dimensional shape can be a convenient way to increase its active area. For instance, in photovoltaics
nanopillar arrays were successfully utilized to both increase the absorption efficiency across a large
wavelength range and minimize reflectance.[21] The publications reporting similar feats for energy
applications are plentiful.[22], [23]

It is, however, worth pointing out that most of the scientific publications covering any of the above-
listed traits which are strongly tied to the concept of one-dimensionality in nanotechnology, have a
reoccurring keyword: “nanowire”.
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Figure 1.2 Nanowires within the context of the one-dimensionality.
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1.4 A broad definition of nanowires

Nanowires are best described as filament-shaped nanostructures which are only defined by their
diameter ranging from just a few to couple of hundreds of nanometers. They can be made of metals (Ni,
Pt, Au, etc.), insulating materials in the form of various metal oxides, organic/inorganic molecules and
most commonly, out of semiconductors, such as silicon, germanium, III-V, II-VI, III-N.[24] For the
crystalline semiconductor nanowires, there is a causal relationship between their distinct anisotropic
shape and crystal structure.
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Figure 1.3 3D models of (a) zincblende and (b) wurtzite crystal structures. Different atom colors
represent two different atomic species originating from III-V group. Their stacking sequence is denoted
with Aa, Bb and Cc, signifying a layering order. Figure taken and adopted form reference[25].

In crystallography, the crystal structure refers to 3D-lattice formed of identical blocks (unit cells)
following the periodic arrangement of the atoms building a crystal in three-dimensional space. With the
exception of nitrides, in bulk all III-V semiconductors exhibit zinc-blende crystal structure.

During their growth most of them have the tendency to adopt the crystal structure of their substrate.
However, that can be changed by controlling the growth parameters. In general, nanowires crystalize
in cubic zincblende (ZB) or hexagonal wurtzite (WZ) crystal structure, with ZB being the preferential
one for most of them. Side by side comparison of the two structures along the close-packed <111> and
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<0001> directions, respectively, reveals that they are quite similar with the only differentiating feature
being the stacking sequence of the atomic bilayers. For the purpose of illustrating the stacking of the
bilayers the common denotation of A, B and C is used.[26] As shown in Figure 1.3, the stacking of the
bilayers along the previously mentioned directions is represented with ABCABCABC... for ZB (inset (a))
and ABABAB... for WZ (inset (b)). Notably, as it is generally not the case with their bulk counterparts,
the polytypism is a common occurrence for most of the III-V semiconductor nanowires, where it is
possible to have an alternation of ZB and WZ phases along the single nanowire.[27], [28] The
intermixing between the two phases is a direct result of the III-V nanowire growth. In specific, their
extension is along the [111] direction for the cubic cell and the [0001] direction for the hexagonal one.
As these two are closely related, the end crystal structures will exhibit some resemblance as well. From
energetic point of view, the difference between the two structures lies in the third-nearest atom spacing
and can be responsible for the switch between the two.[25]

The first nanowire growth was reported by Wagner and Ellis in 1964.[29] With that historical leap in
nanotechnology, the today most widely used nanowire growth mechanism was defined. Starting from
nomenclature, “VLS” refers to three phases involved during the nanowire growth (vapor, liquid, solid).
In specific, from introduction of gaseous semiconductor material into the reaction chamber, followed
by its incorporation and alloying with metal droplet in liquid phase and finally, the formation of the
solid semiconductor nanowire. The growth of the nanowire utilizes catalytic effect of liquid metal
droplet to achieve the anisotropic extension usually along [111] direction.[30] This, together with the
suppression of parasitic growth is a consequence of semiconductor material being more efficiently
incorporated in the droplet than at the surface of the substrate. Using the well-establish gold-seeded Si
nanowire growth for explanation purposes, the whole process can be chronologically divided up into
the following steps (see Figure 1.4):

i. Catalyst formation
ii. Eutectic formation
iii. Nucleation and growth

First step involves formation of catalytic layer or Au particle, in this case, on the desired substrate where
the nanowires will be grown. Step (ii) entails for the temperature in the reactor to be raised to the
eutectic point (approximately 800K), at which the silicon will start alloying with gold particles. Lastly,
the introduction of the material gasses will feed the growth of the nanowires, at sites where gold seed
particles are located. The diameter and the length of the end nanowire will develop by closely following
the size of the initial seed particle, but it will also depend on the deposition conditions. These include
pressure and temperature. VLS mechanism usually yields identical nanowires once the process has
been completed. For this very reason methodologies based on this mechanism are highly utilized.

Nowadays, the core principle of bottom-up nanowire growth is well established and largely understood.
However, there are some variations on the topic, which will give rise to completely different nanowires.
In the following, we will briefly touch upon three more mechanisms (VSS, VS, SLS) that have been
successfully utilized to grow plethora of nanowires known to this day.
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Vapor-solid-solid (VSS)-based growth has a similar notion as VLS-based growth of nanowires with the
differentiating characteristic being in the lack of phase transformation of the seed particle during

growth.
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Figure 1.4 (a) Binary phase diagram with (b) schematic representation of Si nanowire gold seeded VLS
growth. Figure inspired by the ref.[31]

Since the growth temperature is lower than the eutectic temperature, the metal droplet will remain
solid throughout the whole growth process.[32]-[34] Firstly, the reactant gasses are introduced into
the growth chamber and start propagating towards the seed particle. Depending on if it is the very
beginning of the growth or the nanowire has been partially grown, the reactant molecules will attach
to the surface of seed particle or both seed particle and a nanowire, which would be followed up with
their diffusion in the solid catalyst particle. Finally, the material deposits will start to incorporate into
the nanostructure at the nanowire/catalyst interface.[35] Due to the fact that the diffusion of the
reacting species through the solid seed particle is slow and additionally, the surface reactivity is weaker,
the reaction time of VSS can be up to hundred-fold longer than in the case of VLS.[36] Despite the longer
growth times, VSS offers higher growth control, with a premise of reaching atomic monolayer accuracy.
Thus, this growth technique is particularly interesting for the fabrication of nano-heterosystems as
their properties highly depend on the sharpness of the heterointerface. Another growth mechanism
relies on the shared composition of both seed-particles and grown nanowires. If the growth process can
be described as auto-catalytic, then it is governed by vapor-solid (VS) growth mechanism. The main
appeal here lies in the lack of metal-seed particles, which helps to minimize the quantity of metal-
induced surface states, that are unfortunately a commonality for metal-semiconductor
heterojunctions.[37] To achieve the anisotropy of the grown nanowires, the mechanism heavily relies
on different growth rates in different crystal orientations.[38] And finally, solution-liquid-solid (SLS)
mechanism involves chemical reaction of seed particles dispersed in a solution with metallo-organic
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precursors, from which the crystalline nanowires can grow.[39], [40] The use of this mechanism comes
with couple of main advantages: it inherently allows for in-situ ligand passivation of products, it can
yield quantum structures of much smaller dimensions with respect to the mechanisms described above,
and most importantly, it has immense potential for industrial scalability.

10
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1.5 What are the trends?

Judging by the present interest of scientific community, semiconductor nanowires have clearly
received recognition as key components of future devices. This is mainly due to their unique properties
originating from their small size, one-dimensional shape, and resulting high surface-to-volume ratio. In
that regard, and with respect to their bulk counterparts, nanowires can exhibit very interesting
mechanical,[41]-[44] thermoelectric,[45], [46] optical,[47]-[50] and electronic properties.[16], [51]
Initially carbon nanotubes were viewed as an ideal material to explore and exploit the effects of one-
dimensionality, yet due to the difficulties in attaining morphological variety and industrial scaling, their
applicability was hindered. In contrast, nanowires certainly overcome this issue as they can be grown
in a very reproducible, cost-effective, and most importantly, controlled manner. This possibility firmly
places them as building blocks of future nanosized devices.[52] From solar cells, light emitting diodes,
lasers, integrated electronic/photonic circuits all the way up to quantum devices and extremely
sensitive biological and chemical sensors.[53]-[59] However, there were some key discoveries over the
years which tailored the assessment of nanowires closer to some applications more than the others.

As a result of collaborative relationship with Leonid Chechurin’s group from Lappeenranta University
of Technology, we had an early access to a novel trend analysis platform. By means of natural language
processing and machine learning, the semantic analysis of 50,000 scientific publications and 8,000
patents, published between 1993 and 2019 was conducted with the accent on nanowires. The
underlying engine of this method is concept extraction. Conceptis defined as a cluster of topics, whereas
topics are constructed by TF-IDF metric (Term Frequency - Inverse Document Frequency)[60] by
measuring the relations between the individual words in the individual documents. From there the
concepts can be built using LDA algorithm (Latent Dirichlet Allocation)[61]. This allowed us to gain
insight in the evolution of topical nanowire-based reports over the years, a highly accurate reflection of
academic and industrial trends. The results of this analysis applied to three different topics (solar cells,
lithography, and transistors) are presented in Figure 1.5a,b,c with patent quantities presented in purple
and scientific publications in blue. Two observations immediately stand out. First, quantitatively,
distributions for both patents and publications are exceptionally low until early 2000s. This is most
probably an inaccurate depiction of the work done in that period, since scientific community used to
refer to “nanowires” as “nanowhiskers” and thus, a significant number of older reports would slip from
the analysis. Second, the distribution maxima between two document classes are quite different, a
consequence of larger initial number of scientific reports within the data pool. With this in mind, and
focusing on the topic of solar cells, the distribution seems to exhibit linear upward progression for both
patents and publication. Yet, the same behavior cannot be seen for other two topics. Side-by-side
comparison of lithography and transistor topics reveals a coherent and fluctuating evolution
throughout the years. Interestingly, this non-linear progression can be well described with having the
S-curve character, a common feature of all emerging technologies. [62]

The initial upwards trend represents the acceptance of novelty and the pursuit for further
improvements and applicability, until reaching a peak, or better known as point of maturity. From here
the negative dips are likely to occur, as the technology has reached a blockade in terms of development,
from which it can diminish or be re-excited again with an innovation.
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Figure 1.5 Conceptual trend analysis of patents (purple) and publications (blue) with respect to the
nanowire (a) solar cells, (b) lithography and (c) transistors.

Remarkably, both lithography and transistor concepts have reached the bottom of the dip in 2010,
followed by parallel uprising again. This is a clear indication of the tight links between the fields.
Another observation is related to the total ratios of scientific and patent reports within a year. Despite
the above-mentioned inconsistences in the data pool, this ratio should still represent well the
relationships between the industrial and academic sectors. And indeed, while taking into consideration

12



Chapter 1 State of the art 13

the time necessary to transfer laboratory samples into manufacturable devices, and the resulting
chronological dephasing of the maxima between patents and publications, the ratios of
lithography/transistor combination are much lower than the one for solar cells. To better understand
these trends, one should refer to current state-of-the-art of the technologies involved.

e “Solar cell” concept:

The one-dimensionality of nanowires (Section 1.3) is certainly a driving force behind tremendous
efforts invested over the years for their application in photovoltaics. However, if the price-to-
performance relationship was to be evaluated for the case of nanowire-based solar cells, they will still
fall short when compared with their thin film counterparts.[63] This can be accredited to a lack of
control in some key areas, such as: surface/interface quality, doping and passivation, nanowire spatial
positioning and overall morphology. Any advancements in that regard have potential to improve device
performance, industrial scalability, mechanical and chemical stability.[64], [65] As it is clear from the
statistics in Figure 1.5a, the breakthrough is still missing since the industrial sector is mostly slacking
behind academic one.

e “Transistor” concept:

In contrast, the development of the nanowire-based transistors has been blooming over the past couple
of decades, as a result of the global demand for higher device densities, clock speeds and power
efficiencies within integrated circuit technologies, following the trend predicted by Moor’s law. [66]
However, in order to maintain such progression of novel device design and their manufacturing, the
down-scaling issue of conventional silicone-based technologies needs to be surmounted and this is
where nanowires come into play. The most recent International Technology Roadmap for
Semiconductors (ITRS) report claims that Moore’s law trend though traditional transistor scaling is
expected to falter in the next few years. Thus, monolithic integration of semiconductor nanowire-based
active components and interconnects (e.g. fast channels, steep-slope switches and vertical high-
electron mobility transistors [67]) into existing silicone technologies has been recognized as one of the
ways to keep up the pace. [68]

e “Lithography” concept:

Regardless of the application, from the nanofabrication standpoint, there are two main strategies, top-
down and bottom-up one. In its core, top-down methodology most often entails selective chemical
“carving” of an excessive volume of the material into the desired shape, while bottom-up is reliant on
inducing the self-assembly of the material with atomic-scale precision.[69] Since the prerequisites for
fabricating a nanowire-based heterostructure (applicable for energy harvesting and integrated circuit
technologies) are very small dimensions and atomically sharp variations of composition, in most cases
the top-down approach will not be suitable for the task. Directly etching out the materials is inherently
a highly invasive process which can easily damage the device. Moreover, the installment of the
additional heterojunction will require a regrowth stage. It has been shown that this process will yield
lower crystalline quality if compared to the structures obtained by bottom-up method, where in-situ
switching of the precursors is quite straightforward.[70] It is worth pointing out that the lithography
has been successfully utilized in both ways, either for etching out bulk crystals as a part of purely top-
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down method or as a supplement to bottom-up one to achieve position controlled nanowire growth by
patterning.[71]

Remarkably, the scientific community has experienced the gradual shift of interest towards bottom-up
method in the period of 2007-2010. Many reports can be found pointing out the necessity for the change
of approach in nanofabrication.[72]-[74] In the words of Wei Lu and Charles M. Lieber[75]: “This
‘bottom-up’ paradigm, analogous to the way that biology so successfully works, may prove to be a
solution to the technological challenges faced by the semiconductor industry, and could open up new
strategies for increasing overall device density by allowing aggressive scaling in three dimensions”. On
the timescale this line up perfectly with downwards trending, just before reaching the base of the dip,
as seen in Figure 1.5b,c. It is indeed likely that this was the spark that reignited the interest and caused
the parallel up-rise of nanowire-related lithography and transistor research. Nonetheless, the best
option is to exploit the combined benefits of both bottom-up and top-down processes.[76]

14
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1.6 Heterointerfaces with the emphases on the 1D nanostructures

As mentioned before, the use of silicon in the electronics industry is dominant. Thus, any
integration of nanostructures into existing technologies demands for fine control of the interfaces
between the materials. The potential of nanowire heterostructures for future applications is boundless,
as it allows for fine tuning and installing specific physical and chemical properties through means of
controlling the selection of materials that form the nanowire composites and the shape of the interfaces
between them. Hiruma'’s group described why is this a case, characteristic only for the nanowires.[77]
In specific, the lattice-mismatch strain can be mediated radially without introducing dislocations
throughout the nanowire, thus avoiding any undesired modifications to the band structure. As a result,
various material combinations can be exploited with even 10% lattice mismatch,[78], [79] with
outstanding crystallographic and optical qualities. Some of the most popular material combinations are
InAs / InP and GaAs / InAs. The three most known architectures of nanowire-based heterosystems are
substrate-based, axial and radial heterostructures. If we assume certain materials A and B, first
configuration will involve the growth of the A nanowires on the B substrate. Second configuration is
obtained by growing nanowires which are comprised of different sections of different materials. Lastly,
the radial configuration can be best described as a nanowire of material A surrounded by material B, or
A / B core / shell nanowire. Whatever the configuration is, the interface of between the materials A and
B will highly reflect on hetero-nanowire end properties.[80]

e Substrate-based nanowire heterostructures:

Of all the possible architectures, the substrate-based configuration of nanowire heterostructures was
the quickest to gain traction in the research and development in both academic and industrial sectors.
The main appeal was found in the intuitiveness of layering different materials on top of each other for
added functionality. In the early works, it is easy to grasp the general theme, where the biggest selling
point lies in the integrating different semiconductor technologies into existing and most abundant
silicone-based ones. Just based upon the fact that the silicone is an indirect band gap material, while
most of the semiconductors from III-V group are characterized by having direct band gaps, the
opportunities for new applications in optoelectronics which could emerge from their union are
plentiful.[67], [81]

e Radial nanowire heterostructures:

When referring to radially “heterostructured” nanowires, the core/shell architecture is the most
abundant. The motivation for the research and development of these nanostructures can be mainly
found in the ease of tunability of their fundamental properties and surface passivation. In fact, early
theoretical work has shown that there are potentially multiple degrees of freedom during the synthesis
stage, with which the band gap energies could be altered, starting from variations in composition, core
diameter and shell thickness.[82] Literature also contains plenty of experimental reports with similar
conclusions, which further showcases the promising perspective of these nano-heterostructure for
optoelectronic applications by exploiting structure-property relationships.[82]-[84]
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e Axial nanowire heterostructures:

Of all three, nanowire-based axial-heterostructures have been studied the most. Their fabrication relies
on one-dimensional modulation of nanowire composition and/or anisotropic doping along the
nanowire. [85]-[88] The main appeal for these nanostructures lies in better stress mediation when
compared to other two morphological configurations. Interesting nonetheless, this architecture goes
beyond the scope of this thesis, so it will not be discussed further.

Regardless of the architectural layout, combining different materials to tailor certain device functions
is not straightforward, since any compositional changes will also directly reflect on the band structure.
If an abrupt compositional section is created at any place of the nanowire, plenty of new phenomena
may emerge. For example, starting from the “simplest” case, where the junction is formed of the same
material species with different doping, a classical p-n homojunction (Figure 1.6a). Once the Fermi levels
line-up, the discrepancies in the electron-hole ratios between the n- and p-type doped semiconductors,
will be manifested as staggered, yet smooth potential variations between conduction and valence bands
on both sides of the interface. However, completely changing the composition of the materials will
certainly have a much greater impact on the electrostatic potential at a, now, heterointerface. To
showcase such a scenario, the work of Goebl et al. done on core/shell nanowires comprised of CdSe,
CdS and CdTe can serve as a great example.[89] In brief, this study involved the synthesis of the
nanowires and detailed investigation of their morphological and optical properties. Three different
nanowire samples were structured as in the schematics of the cross-sections (Figure 1.6b,c).
Irrespective of the material used, the nanowire cores were uniformly coated with the shell with more
than 90% coverage, and thus forming a crystalline heterointerface. This is significant, as the crystalline
quality, material choice and its layering will directly reflect on the band structure of the heterosystem,
which could in turn lead to unlocking additional positive attributes, such as increased quantum yields
and charge separation. For example, bounding the larger band gap material with the smaller band gap
one will result in easy migration of photogenerated electrons and holes into the core of the
heterostructure. Such a scenario represents a good description of the type-I band alignment that exists
in the CdSe/CdS core/shell nanowires in Figure 1.6b (left). Another example can be viewed in Figure
1.6b (right), where the material composition of the heterostructure has been interchanged. Here, the
added benefit will be the increase of quantum yield, due to the isolation of photogenerated carriers
from the surface trap states, by keeping them localized inside the core.

So far, in both examples, the high overlap of carrier wavefunctions characteristic for the type-I
heterointerface was the key. Though, and in the final example, what happens if the type of band
alignment is changed? By forming the CdSe/ZnTe type-II heterointerface, the wavefunction overlap
between the two materials is constrained, which will result in spatial charge separation (Figure 1.6c),
a highly desired feature for the photovoltaic applications. And indeed, through UV-vis,
photoluminescence, and lifetime studies the authors of above mention paper have reported
observations which are in line with such interactions, red shifts of both absorption and emission,
composition dependent variations of quantum yield with respect to their bare counterparts and
alternations in Auger kinetics for the case of CdSe/CdS core/shell nanowires.
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Figure 1.6 Energy band diagrams showcasing the (a) classical semiconductor p-n homojunction, (b)
CdSe/CdS (left) and CdS/CdSe (right) core/shell nanowire Type-I heterojunctions (c) CdSe/CdS
core/shell nanowire Type-II heterojunctions (insets taken and adopted from publication[89]), (d)
simplified band structures of a metal and a semiconductor before contact (e) metal-semiconductor
interface upon establishing Ohmic contact, (f) metal-semiconductor interface upon establishing
Schottky contact, (g) MIGS (metal-induced in-gap states) and Fermi level pinning at the charge
neutrality level, (h) electrons crossing the Schottky barrier by thermionic emission, (i) quantum
tunnelling of electrons through the Schottky barrier and finally, (j) electron-hole recombination in the
space-charge region. Legend: electrons and holes are schematically represented as yellow and gray
balls, respectively. Notation: CBO and VBO are conduction and valence band offsets, q - charge, ®m -
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metal work function, x - semiconductor electron affinity, ®s- Schottky barrier height, W - width of the
depletion region, En — charge neutrality level, Er - Fermi level, BB - band bending.

This example had a two-fold benefit. For one, it is a good representative of what is to be expected once
the heterojunction is formed, whereas for the other, it will be mentioned later in the text. Sadly, what is
to be expected is not always what is experimentally observed. When it comes to band-alignment, there
are still plenty of unknowns, due to the fact that any localized interface, or surface states, defects can
act as donor/acceptor sites and thus create an unbalance in the carrier concentrations, modifying the
optical or electronic outputs of a given heterosystems in an unpredictable manner. As a result, and
despite the massive efforts invested over the years to accurately determine extents of band
discontinuities for various material combinations, a reliable “go-to” experimental method is still
missing.

With respect to semiconductor-semiconductor heterointerfaces, for device applications metal-
semiconductor junctions are equally significant. As itis often the case with any evolving semiconductor
technologies, the overall performance of the future electronic devices will be only as good as the
contacts are.[90], [91] In other words, the voltage drop across the device should be significantly larger
than the one at the contact point or otherwise, its functionality will be severely impeded or even
nullified.[92] Judging only by the differences in the I(V) characteristics, the metal-semiconductor
contacts can be classified into Ohmic and Schottky contacts. First one has linear response of the current
with respect to the voltage ramp, while the other has non-equivalent behaviors depending on whether
the system is forward or backwards biased, respectively. When brought close together, the position of
the Fermi level of the metal (Figure 1.6d), with respect to semiconductor CB and VB becomes essential
in determining which type of contact will be established. In specific, if the energetic position of the metal
Fermi level lines up either somewhere inside the valence or conduction band of the semiconductor, the
contact will be classified as Ohmic (Figure 1.6€). In contrast, if the Fermi level is located within the gap
of semiconductor, there will be a Schottky barrier at the interface (Figure 1.6f). In an ideal case, and by
Schottky-Mott rule barrier height should only depend on the difference of semiconductor electron
affinity (x) and metal work function (®wm).[93] Unfortunately, in reality this does not stand because of
defect- or impurity-induced in-gap states. Despite the fact that most of semiconductor materials are
naturally free of in-gap states, the addition of any foreign elements at the surface will prevent its
rearrangement and induce pinning of the Fermi level. If the Fermi level of the metal is not located at
the same energy as charge neutrality level (En), a local charging of the semiconductor surface will be
induced, while at the same time the image charge will appear on the side of metal. The resulting
imbalance in electrostatic potential will be mediated by band bending in the semiconductor and pinning
of the Er at En (Figure 1.6g). As a result, and regardless of the metal work function the electronic
properties of metal-semiconductor interface will be mainly characterized by the height of the Schottky

barrier (®s) and width of the depletion region (W), that can be expressed as: W = /2e®y /ne, where €
is a dielectric constant, n is the doping density and e is electron charge.[94]

Out of the two metal-semiconductor contact types, the Ohmic behavior is certainly more desirable for
most of the applications. However, ohmic contacts are highly dependent on the contact resistance. With
a clear goal of minimizing it, over the years much effort has been invested from both fundamental and
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engineering side. The most common approach for fabricating contacts in the semiconductor industry is
reliant on alloying method, even though there are many issues associated with this approach. To list
some of them, an inherent high invasiveness which can damage or contaminate the device, large spacing
between the contact points to avoid shortening, non-uniform wetting of the contact material, its faulty
adhesion or even re-evaporation, etc.[90] Another issue is the rapid increase in parasitic resistance as
source and drain junction depths are scaled. This effect can be alleviated by switching from Ohmic to
low-barrier Schottky contacts, at which point lowering barrier height becomes a priority and a new
challenge. There are three main mechanisms that govern charge transport across it: thermionic
emission, quantum tunneling and electron-hole recombination in the depletion region. The first one
assumes that the electrons in the metal will absorb enough thermal energy to cross over the barrier
(Figure 1.6h). The next one involves quantum tunnelling of the electrons through the barrier (Figure
1.61). And lastly, in the electron-hole recombination, simultaneously injected electrons and holes are
recombining radiatively or non-radiatively in the depletion region through defect states (Figure
1.6j).[92] Interestingly, it has been demonstrated that insertion of a thin layer of high-k material
between the metal and semiconductor, can lower it even down to 0.2 eV.[95] The I-V characteristics of
such heterosystems will exhibit exponential current dependence on the thickness of the insulating layer
as a result of charge injection being mediated through the tunneling of the electrons across the
insulator.[96] Another way to improve charge transport is to lower the width of the depletion region
by doping, and thus allow for more efficient electron tunnelling across it. However, this may not be
suitable for all the applications. Another important factor is tied to position of the contacts. For the case
of nanowires, the end-contact and side-contact configurations are available. The end-contact is the one
where the nanostructure abruptly ends in with the contact, while the side contacts are generally formed
by metal deposition across the nanowire.[94] Making the right choice for a given application is
important, as it will determine the efficiency of the current flow. The crucial parameter here is the
charge transfer length. It is defined as a length over which the current transfer from the semiconductor
to the metal will take place.[97] The contact resistance will highly depend on its value, as it is defined
by the square root value of the contact resistance/sheet resistance ratio.

Concerning the transport dynamics solely through a nanowire, its dimensions will play a decisive role.
In the absence of ballistic transport, or in other words, if the nanowire length is greater than the mean-
free-path of electrons the diffusion transport regime will take place, having a certain value of mobility
depending on the material. With respect to bulk, the reduction of the channel diameter will most
certainly have an influence on the mobility. [14] In that regard, the publication of Xiaocheng Jiang et
al.[98] is not only a good example of such a scenario, but more importantly, it demonstrates how to
exploit it. The sample investigated in this work was structured as follows: InAs forming a nanowire
core, incapsulated in within a 3 nm-thick layer of InP acting as shell. The thought process behind the
material choice for the nanowire was based on inherent high mobility of bulk InAs, a corollary of its
small electron effective mass. However, at the time it was already well-known that the high mobility
can be hampered if the material assumes the nanowire shape.[99] This behavior was accredited to
numerous carrier scattering events that could be induced by defects or impurities mostly present at the
nanowire surface. In fact, because of their shape, nanowires naturally have high surface-to-volume ratio
and thus, the surface states play an important role in future device performance. Therefore, during the
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device design one could encounter various efficiency hindering effects, with some of them being charge
induced band bending and fluctuations of the applied potential, carrier trap states, etc.[31]
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Figure 1.7 a HRTEM image of a representative InAs/InP NANOWIRE. Scale bar is 10 nm. Inset, cross-
sectional schematic of an InAs/InP nanowire (red, InAs; blue, InP) and the corresponding band diagram.
b Calculated electron mobility of the InAs/InP core/shell nanowire at different temperatures and its
comparison with the state of the art of the period (early to mid-2000s).[100]-[103] Figure taken and
adopted for reference[98].

To remedy such effects, the InAs nanowire can be passivated with protective shell, which allows for
complete recovery or even, improvement of transport properties with respect to the InAs bulk ones.
The two-fold benefit of growing the InP shell around the nanowire is immediately apparent and
presented in Figure 1.7a. The uniform surface passivation was achieved, as it can be clearly seen from
the TEM image and in addition, the type-I band alignment with sufficiently large band offsets between
InAs and InP provided a good confinement of both electrons and thermally generated holes. Altogether,
the results the authors have obtained from the transport measurements on this heterosystem
undoubtedly confirmed their initial speculations, as the ensuing mobility values were much higher than
the ones that could be found on bare InAs and even carbon nanotubes (See Figure 1.7b). This was an
important demonstration, as it further highlighted the significance of atomically controlled surface
passivation for the quality of future photonic and electronic nanowire-based devices.

Another interesting example originates from a group at Harvard University, which was successful in
growing Si/Ge core/shell nanowires with atomically sharp hetero-interfaces (See Figure 1.8a).[104]
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Figure 1.8 Si-Ge core/shell nanowires and a prototype coaxial FET. (a) High-resolution TEM image of a
representative crystalline nanowire core and shell Si core 10-nm Ge shell and 1 nm interface. Inset, two-
dimensional Fourier transform of the real-space image showing the [111] zone axis. (b) Coaxially gated
nanowire transistor, with device schematic showing its structure. The inset shows the cross-section of
the as-grown nanowire, starting with a p-doped Si core (blue, 10 nm) with subsequent layers of i-Ge
(red, 10 nm), SiOx (green, 4 nm), and p-Ge (5 nm). The source (S) and drain (D) electrodes are contacted
to the inner i-Ge core, while the gate electrode (G) is in contact with the outer p-Ge shell and electrically
isolated from the core by the SiOx layer. (c) Gate response of the coaxial transistor at Vsp = 1V, showing
a maximum transconductance of 1,500 nA/V. Figures take and adopted from the publication [104].

They have used this system to explore the applicability of bang gap engineering for the case of radial
hetero nanowires. Indeed, this work reports the direct effects of band alignment between the two
materials on the transport properties, by displaying favored hole carrier injection from p-type doped Si
core to intrinsic Ge shell. In addition, and for demonstration purposes, they have fabricated a prototype
of coaxial FET system (Figure 1.8b) and put it to the test. The trial measurements revealed outstanding
performance for an unoptimized device (in Figure 1.8c), which was on par with the carbon nanotube-
based FETs[105] at the time. In this way, they have presented the lowest limit of device performance
and more importantly, the potential for formation and exploitation of radial 2D electron/hole gas at the
interface of core/shell nanowire-based heterosystems, which is certainly an exciting feature in terms
of fundamental studies and applicability of quantum transport.
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1.7 Planar 1D heterostructures by means of selective-area epitaxy

Not long after the paper showcasing the successful growth of InP nanowires on germanium
substrate was published,[106] the first bottom-up synthesis of 11I-V nanowires on silicon wafer was
done by Martensson et al.[107] For their demonstration they have used gold seeded MOVPE technique
to vertically grow randomly distributed GaP nanowires on Si (111) and Si (001) substrates (see Figure
1.9a, b, c). This material combination was chosen for the low lattice mismatch of 0.4 %. However, it was
not the only one, as they further extended their study by also growing GaAs and InP nanowires (Figure
1.9¢,d; respectively) in a similar fashion.

Figure 1.9 First growth of III-V semiconductor nanowires on the silicone substrates, accomplished by
Martensson et al.[107] SEM images of GaP nanowire on Si(111) from a (a) tilted and (b) top view. (c)
HRTEM of the interface between the two materials. (d) SEM image of vertical GaAs nanowires on
Si(111) and (e) InP nanowires on the same substrate.
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Nowadays, this work might seem a bit rudimental, however the only reason for that lies in the efforts
invested over the years to grow the nanowire-based heterostructures with ever-increasing control and
complexity.

For high-speed electronics it is not enough to only fabricate close to perfect nanowire-based
heterojunction, it also needs to be well positioned within a logic circuit. One way to achieve this is by
means of nanomanipulation. This procedure involves growing the nanowires on separate substrate,
from which they would be mechanically transferred and one-by-one integrated into a chosen circuit.
However, there is a major flaw with this approach, as it lacks potential for industrial scalability.
Nevertheless, there is an alternative path, in which the nanowires are grown directly into a desired
system. If the bottom-up (nanowire growth) approach was to be complimented with top-down
(nucleation site formation) the position-controlled growth will be achieved, more commonly referred
to as selective area growth (SAG). Even though it is possible to have great results with metal-seeded
growth by realizing the site formation done with nanoimprint lithography[108], [109], a very popular
way has recently been to use electron beam lithography to pre-pattern the mask and grow the material
within the mask cutouts. In specific, this method exploits the fact that the gaseous reactant materials in
the reactor will tend to desorb on the surface of the mask rather than clusterize or diffuse, thus driving
them to nucleate only within the mask openings. Naturally, the first step involves the mask formation.
In most cases this is done by spin coating the substrate with the uniform layer of silicone-oxide or
nitride, only to be covered with the resist afterwards. Lithography is used to draw the patterns in the
resist, while etching methods are employed to form the openings in the marked spots. Once done, the
growth of the nanowires will be initiated within them. Selective area growth of nanowires is generally
performed at higher temperatures by vapor-solid mechanism (Section 1.4).[110] The two most
common techniques for this task are metal organic vapor phase epitaxy (MOVPE) or molecular beam
epitaxy (MBE). Regardless of the approach, MOVPE/MBE selective area growth offers fine control of the
nanowire shape, orientation, and positioning on the substrate, all while attaining high degree of
crystalline purity.

One of the earliest works done with selective area growth method on III-V semiconductor nanowires
involved growth of bare GaAs nanowire and GaAs/AlGaAs core/shell nanowire heterostructures on
silicone substrates.[111] The motivation behind this attempt was to further push for the growth
flexibility and control, in terms of nanowire position and growth orientation. Starting from the former,
the authors were successful in forming an array with equidistant spacing between the individual
nanowires with the use of selective-area MOVPE. While concerning the latter, the natural affinity of
cubic III-V materials to grow along [111]A and [111]B directions can cause inclination of the end
nanowires when grown on Si(111) substrates.[112] Such behavior is accredited to a nonpolar
character of the silicone and results in three equivalent direction of [111]B, as it was previously seen in
the case of InAs nanowires and presented in Figure 1.10a.[113] By modifying the substrate surface from
Si(111) to Si(111)B they have managed to overcome this issue, and thus obtain perfectly vertical and
aligned nanowires, as it can be clearly seen in the Figure 1.10b. This is important, since for some
applications any additional tilt of the nanowires can jeopardize the density of devices due to larger
space occupancy of a single nanowire.[37]
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Thus far, the control of nanowire verticality has been considered, however for designing 3D channels
for novel logic circuits with high degree of complexity, a growth control in horizontal direction is
equally if not even more important. Moreover, the mostly planar form factor of currently highly
trending devices, such as finFETs or gate-all-around FETs allows for the easy plug-in exchange of now
aging processing technologies.[70] When it comes to the planar nanowire synthesis the work of Fortuna
et al.[114] was the pioneering one in the field. They were successful in growing GaAs nanowires
spreading horizontally on GaAs (100) substrates using MOCVD (see Figure 1.10c). The gold catalyzed
growth along [110] direction would push the seed particle, leaving randomly distributed nanowires
behind. This work is certainly impressive in terms of novelty, nanowire quality and reproducibility, yet
for fabrication of planar nanowire-based devices there were some key points still to be addressed.
There was no progress made regarding lateral heteroepitaxy, the growth was heavily reliant on metal
seed particles as catalyst, and finally, the spatial positioning of the nanowires was still a challenge.
Fortunately, it was soon to be discovered that MBE selective area growth is a methodology which can
satisfy all the requirements.

Concerning the growth of nanostructures with higher degree of complexity, metal-seeded method has
shown potential as it can yield nanowires of various materials with very interesting geometries. [115]-
[117] However, for the particular case of silicone and I1I-V materials there are reports which showcase
seed-induced degrading effects on device performance. For example, gold is the most commonly used
material for this purpose mainly for its inertness and low melting point, yet its usage can come with
some heavy compromises, such as deep level-trap states, high solid diffusivity and difficulties in
cleaning the growth equipment.[118] Hence, the motivation for lowering the industrial reliance on it
was major. The breakthrough came in 2006, when Mandl et al. were successful in fabricating vertical
nanowires from the III-V group (InAs) on silicone substrate without gold seed particles, by using
MOVPE method.[119] This demonstration has certainly opened up the field and inspired for more work
to be done on other high-mobility materials composing structures with various spatial configurations.

Indeed, the fabrication of nanowire-based devices with a higher level of complexity demands for a good
control of position and orientation. For this purpose, quite a few creative methodologies have
emerged.[120], [121] For instance, it was demonstrated that with Langmuir-Blodget technique
nanowires could be assembled into parallel or crossed structures, as seen in Figure 1.10d. The
nanowires would be dispersed in the surfactant and with uniaxially applied compression orientate
themselves in different spatial configurations. Based on the intensity of the compression the separation
between the nanowires would be controlled.[122] However, what this method offers in terms of
industrial scalability, it loses in relatively low precision and lack of solid substructure connections. In
contrast, structures grown by selective area epitaxy are formed integrally following the design of the
patterns with remarkably high selectivity. For example, with the case of InGaAs nano-pillar arrays
grown on InP (111)B substrate it was shown that the design created for 2D photonic crystal
applications, can be transferred by using silicone-oxide as a material for the mask and electron beam
lithography to form patterning while the final structure realization can be done with the use of selective
area MOVPE.[123] By keeping the same patterning strategy, while switching the growth methodology,
Akabori et al. (2012) introduced the SA-MBE method as useful tool for growing planar nanowires. They
have grown InAs on GaAs(001), (111)B and (110) positive resist HSQ-masked substrates.[124] From
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there, MBE selective area growth method has received much more attention due to its better industrial
scalability, all while striving for MOVPE level of crystalline quality.
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Figure 1.10 From simple vertical to complex planar nanowires. (a) SEM image of InAs nanowires grown
on InAs(111)B substrate (top-view). (b) SEM image of GaAs/AlGaAs core-shell nanowires grown on
Si(111) substrate. (c) SEM image of planar GaAs nanowires grown on a GaAs(100) substrate. (d) SEM
image of aligned and intercrossed silicone nanowires by utilizing Langmuir-Blodgett method. (e) SEM
image of a single Y-shaped InGaAs/GaAs compound nanowire grown by SA-MBE. (f) SEM image of
InGaAs branched nanowires grown by hydrogen-assisted SA-MBE. (g) Configuration used for transport
measurements on the branched nanowire from the previous inset. Figures taken and adopted from the
ref. [111], [113], [114], [122], [125], [126], in their respective order.
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As mentioned before (in Section 1.4), epitaxial growth usually implies that the nanowires will adopt the
substrate crystal structure. However, heteroepitaxy process will regularly be accompanied with defect
formation, resulting from the differences in thermal expansion, polarity or the lattice mismatch
between the materials involved. When growing hetero-nanowires the defects which are most observed
are stacking-faults, threading dislocations, twinning and antiphase domains, and they can certainly
have a negative impact on the end device performance (e.g. decrease of carrier diffusion length and
lifetime).[67], [127] Again, growing nanowires vertically allows for the strain mediation to be governed
through its sidewalls, allowing for wider palette of materials which could be used in forming a
heterostructure with good crystalline quality. Sadly, this is not the case for the growth of planar
heterostructures due to their larger footprint and smaller aspect-ratio. Thus, in order to avoid defect
formation, special care must be taken with respect to the material composition, as it has been shown
for the case of planar InGaAs heterostructures where the material combination is constrained to nearly
lattice-matched substrates (e.g. InossGaos7As on InP).[128] Nevertheless, there has been a lot of
progress made towards minimizing this issue by understanding and exploiting different growth
kinetics and thermodynamics. These feats can be clearly seen by following the advancements starting
from defect-free 3D homoepitaxy done by low-pressure SA-MOCVD for the case of GaAs
nanosheets,[110] over to GaAs nanomembranes of the same quality obtained by SA-MBE[129] and
finally, towards near crystalline perfection of highly complex SA-MBE grown InGaAs/GaAs nanowire
networks.[130] With a focus on the lastly cited, clever choice of nanostructure topology and
composition (see Figure 1.10e) makes these heterosystems extremely compelling for potential
applications for quantum computing. In particular, the remote doping, a direct consequence of the band
alignment between InGaAs and GaAs, has shown to have a positive effect on the electrical transport
properties (increase of electron mean free path and the strength of spin-orbit interaction) of this nano-
heterosystem.[125]

Another similar and quite recent example was the paper published by Bucamp etal.[131] which focused
on MBE selective area growth of different Ino.s3Gao.47As nanostructures on InP(001) substrate. The goal
was to overcome the disparities in optimal growth temperatures of InGaAs constituents. In other words,
temperature should be high enough to stimulate a re-evaporation of Gallium, yet low enough to avert
the same process for Indium. They have achieved growth at 470 °C with remarkably high selectivity
with respect to the silicone-oxide mask, by introducing atomic hydrogen flux during the InP deoxidation
process, but also during the growth. The addition of this step had a positive effect on the morphological
quality of grown nanostructures. As it can be seen in the Figure 1.10f, the outcomes were the nanowires
of various shapes and dimensions (widths ranging from 50 to a 500 nm), following desired form and
well-defined facets for the entirety of their length. These observations certainly confirm the viability of
the hydrogen assisted SA-MBE technique for the growth of the nanowire-based heterostructures. As in
the previous example, the authors of this work have also performed transport measurements with four
points of contact (Figure 1.10g) and obtained values for the bulk mobility at room temperature of 8800
cm2V-1s-1, Impressive nonetheless, yet for both 3D nanostructures spoken above, the metallic contacts
were deposited across the nanowires and thus, they remained in the fixed position. Moreover, the
contact deposition has one more inherent disadvantage in the form of a greater contamination risk.
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1.8 Quantum structures by means of colloidal synthesis

In today’s semiconductor industry one of the most pressing challenges to overcome is the
production of the nanostructures which could exhibit all the trademarks of quantum confinement, but
at a low cost and with a high reproducibility. In this regard, the favorable candidates could be found in
the solution-based synthesis. As mentioned in Section 1.4, the SLS mechanism has proven to be capable
of offering an atomic monolayer control of nanostructure crystallization in a reproducible manner.
Colloidal nanocrystals are particles with dimensions not larger than one hundred nanometers, which
are obtained by means of wet chemistry. Their ultra-small size is responsible for their electronic
properties to be quite different from the ones found in bulk crystals. This is mainly due to the
alternation of their band structure being instigated by a strongly confined environment. As discussed
in Section 1.2, with the reduction of the nanocrystal size and/or change in shape, quantum confinement
effect will be manifested through the variation of the band gap energy, discretization, and separation of
supra-bandgap energy levels. Because these effects are so prominent in colloidal nanostructures, they
have been regarded as ideal nano-objects for their exploration, but also their exploitation for various
applications. This is further prompted by the advances in colloidal synthesis, which have made growth
of nanostructures of different dimensionalities attainable. As a result, over the past two decades a
significant bibliography was produced on the bases of colloidal quantum dots (QD), quantum wells
(QW) and quantum rods (QR) and various other colloidal semiconductor nanostructures.

There are two main steps in colloidal nanocrystal synthesis: nucleation, and growth. Starting from the
nucleation. It occurs spontaneously in a supersaturated solution of precursors and is driven by the
reduction of surface energy and the gain of chemical potential, which is energy freed by the bond
formation in a given nanocrystal. Once nuclei have formed, the growth is follow-through by further
attachment of precursors. This process is driven by the minimization of Gibbs free energy and can be
expressed as:

4
AG = —§T[I'3|AGV| + 4m?y (1.2)

Here, r stands for the radius of a spherical cluster, |AGy/| is the difference of Gibbs free energy per unit
of volume and vy is surface energy per unit of area. As it can be clearly seen from the Eq. (1.2), in order
to minimize Gibbs free energy a stable balance between two competing processes needs to be
established, i.e. between volume decrease on one side and resulting surface energy increase on the
other.[132] At this point and for making the best results, it is also important to avoid Oswald ripening
effect[133] and consequent broad size-distribution of the nanocrystals in the product suspension. This
can be achieved only by having good control over nucleation and growth stages. There are two main
approaches which satisfy this requirement, “hot injection”[134] and “heating-up”[135] methods. In the
first, a solution of reactive precursors is swiftly injected into the surfactant solution at the temperatures
which regularly reach 300 °C or even higher. Upon injection, the reaction between the two species is
extremely fast because of a sudden increase in the supersaturation level and thus the nanocrystal
growth is triggered. The presence of the surfactant molecules in the solution allows for the surface
passivation of the formed nanocrystals and thus prevent their agglomeration. Notably, one of the
precursors is usually introduced in the excess to prevent Ostwald ripening and as a result, this method
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typically yields products with very narrow size-distribution of the nanocrystals.[136] Whereas for the
second approach, the mixture of reactive precursor and ligand solution is stirred at low temperatures
only to be heated-up to firstly initiate the nucleation stage and then with continued heating grow these
nuclei into mature nanocrystals.[135] It is worth pointing out that regardless of their respective pros
and cons, each method offers good control of nanocrystal size, shape, and composition. Yet, the real
competitiveness of colloidal nanocrystal-based devices will not only depend on the cost of production,
but also on prospective device performance. Naturally, the synthesis from the solution makes the
fabrication costs low and easily scalable, whereas improving the performance was the reason which
shifted the focus of the research towards radial nano-heterostructures. The hereby motivation had a
two-fold character, surface passivation and band gap engineering. Starting from the former, the goal is
to minimize the area capable for hosting trap states and consequently, limit the possibility of having
non-radiative recombination events.[137], [138] The most common way to achieve relatively complete
and stable surface passivation is to cap inorganic nanocrystals with organic molecules, usually referred
to as ligands. However, the use of word relatively in this context is not purposeless. Because of the steric
spatial occupancy, the ligands are not able to completely cover the surface and thus, satisfy all the
dangling bonds. Whereas for the latter, [ will refer to the example of colloidal 1I-VI core /shell nanowires
given in Section 1.6, where the overwhelming benefits of layering one semiconductor material with
another are discussed in detail. Because of effective surface passivation and instalment of additional
properties through band alignment, the core/shell morphology was quick to gain traction.

This is important, as colloidal nanocrystals have found their applications in various fields. To list some
of them, photodetectors,[139]-[141] lasers,[142]-[144] biological cell markers,[145]-[147] solar
cells,[148], [149] electronics,[150], [151] and many more. Notably, for the past two decades, in one area
they have particularly stood out, in flexible optoelectronics with a strong focus on LED (light-emitting
diode) display technologies. If the reference was to be made on the relationship between nanocrystal
size and the color of emitted light (Figure 1.11a), this is not surprising. In addition to wide and tunable
emission (from UV to near-IR) the colloidal nanocrystal-based LEDs are known to exhibit exceptionally
good color accuracy and almost 100% luminescence quantum yield (Figure 1.11b).[152] Still, in the
current state of the commercial electronic device industry, most of the high-end products are reliant on
foldable AMOLED technologies (active-matrix organic light-emitting diode), e.g. Samsung Galaxy Fold
smartphone (Figure 1.11c). [153], [154] However, AMOLED displays lack multi-axial flexibility and are
extremely sensitive to stretching.[155] In contrast, the films formed by embedding the colloidal
nanocrystals in polymers are able to retain their high optical performance, regardless of the direction
in which the mechanical stress is applied.
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Figure 1.11 Colloidal nanocrystals as building blocks of future flexible display technologies. (a)
Evolution of the colloidal nanocrystal band structure with the decrease in size. (b) UV-induced
fluorescence of different sized colloidal nanocrystals with corresponding PL spectra. Figures taken and
adopted from ref.[156] (c) Samsung Galaxy Fold (released: Sept. 2019) smartphone with Foldable
Dynamic AMOLED touchscreen display. This image abides to the CCO license. (e) Current-voltage and
(f) luminescence-voltage characteristics of flexible QD-LED bent into different states of curvature.
Insets (e) and (f) adopted from ref.[157]
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For instance, in Figure 1.11 one can see the results of “flexibility” study on QD-LEDs fabricated over
indium tin oxide (ITO)-coated poly(ethylene terephthalate) (PET) substrate. Judging by the current-
voltage (see Figure 1.11d) and brightness-voltage (Figure 1.11e) response to the applied stress, LED
did not exhibit any signs of performance degradation, until the 5 mm compression mark was reached
at which point ITO film was the first one to give.[157] Moreover, unlike complex organic compounds,
nanocrystals are generally much more robust as they can withstand multiple cycles of excitation and
fluorescence without any permanent damage or change in chemical properties. The superiority of
inorganic nanocrystals becomes even more pronounced if the made comparison is centered on the
electronic performances. In terms of charge carrier mobilities colloidal nanocrystal-based devices far
surpass organic FETs.[158], [159] With the combination of a colloidal synthesis, drop-casting/spin-
coating, and electron beam/atomic-layer deposition the colloidal nanocrystals can be easily integrated
into the top-/bottom-gated standard triple-terminal FET layout, i.e. source, gate, drain.[152] In this
configuration, the nanocrystals regularly play a role of semiconducting channel, either by being self-
assembled into networks or imbedded in the conductive polymer.[160], [161] Regardless of the
approach, it is worth noting that the previous studies have shown that the charge transport through
these devices is a multiscale process.[162] In specific, on the nanometric scale the hopping transport
will be the predominant mechanism, whereas percolative transport is a better fitting description for
the larger scales. Hence, it is necessary to have good grasp on two key parameters: the magnitude of the
interparticle tunnel barrier and the type of large-scale ordering.[151] A conventional way of controlling
both is via ligand engineering. In specific, performing ligand exchange process with the interest of
having molecules with the shorter chain length, will result in an improved wavefunction overlap and a
consequent increase of carrier mobility.[163] In order to push these results even further, one could
utilize the different nanocrystal morphologies. For instance, nanoplatelets (NPLs) are considered to be
a superior alternative to quantum dots in more ways than one. Owing to their flatter and highly
anisotropic shape, a better electron (hole) wave function overlap between neighboring NPLs can be
realized, whilst their larger dimensions bring down the number of hopping steps necessary to reach the
electrodes. Interestingly, the publication by Lhuillier et al.[162], has showcased a creative way to
completely avoid any efficiency losses in charge transport caused by hopping events. In this work they
were successful in fabricating high aspect ratio interconnects made of wide electrodes bridged by
nanoplatelets. Due to the absence of hopping transport and intrinsically short transport length of the
system, the photoconductivity was shown to be experiencing eight-decade enhancement. Another
equally interesting strategy was again developed by the same group, where the viability of the ion-gel-
gating was put to the test.[164] For this study the prototype transistor-based device was structured as
in Figure 1.12. The CdSe/CdS core/shell nanoplatelets were deposited between the contacts Au/Cu,
only to be covered with a mixture of polyethylene glycol and LiCl0s, acting as an electrolyte. The system
in question exhibited outstanding performances (see Figure 1.12, bottom): 108 on/off ratio for the drain
and gate voltages of 0.5 V and 2 V, respectively; and the sub-threshold slope of 78 mV/decade.
Moreover, the authors proposed that the slight disparity from thermodynamic limit of 60 mV/decade
(at room temperature) can be caused by defect states originating from the formation of the
heterointerface. At this point, it should be stressed out that in both examples given above, the
core/shell NPL architecture was employed.
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Figure 1.12 Electronic devices based on colloidal nanocrystals. (a) Simple schematic representation of
the bottom-gated (left) and top-gated (right) colloidal nanocrystal field-effect transistors, where Vg, Vb
and Ip stand for gate voltage, drain-source voltage, and source-drain current, respectively. The image
taken and adopted from ref.[152] (b) At the top: SEM image of a nanotrench decorated with CdSe/CdS
nanoplatelets of the NPLs bridging the gold contacts, with the overlayed 3D model. At the bottom:
Responsivity as a function of the irradiance for a film of CdSe nanoplatelets under a 2 V bias illuminated
by a laser at 405 nm. Figure taken from ref.[162] (c) Schematic representation (top) and measured

performance (bottom) of the CdSe/CdS nanoplatelet(NPL)-based electrolytic transistor fabricated by
Lhuillier et al.[164]

Yet, there is another way. In contrast to the complete and uniform passivation which is characteristic
for core/shell morphology, core/crown nanocrystals present a different radial architecture, which is
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becoming a focal point of interest in the field of II-VI colloidal nano-heterostructures. All has started
from above-mentioned bare colloidal CdSe nanoplatelet and their exceptional optical characteristics,
such as absence of photon antibunching, fast radiative lifetimes, narrow and most importantly, highly
tunable emission wavelength. Moreover, from the first appearance of bare CdSe nanoplatelets in the
literature[165]. The development of synthesis methods has come a long way and as a result their
dimensions, general shape and composition can be easily modified with atomic-scale precision, while
still preserving their crystalline purity.
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Figure 1.13 The difference in optical responses of (a) core/crown and (b) core/shell nanoplatelets with
respect to the increase of crown or shell size or the lack thereof. Figure taken and adopted from
reference [166].

Side-by-side morphological comparison of the nanowires and nanoplatelets, does highlight the more
cuboidal shape of nanoplatelets. However, they still retain the high surface to volume ratio as their
narrow width, a thickness of few monolayers and long lateral extension shape them into long and
slender objects, setting them somewhere in between quantum wells and quantum wires. Again, due to
the large surface area, passivation plays an important role on excitonic properties. Therefore,
surrounding the nanoplatelets with a shell should result in the improvement of quantum yield, which
was indeed observed even upon the principal synthesis performed by Mahler et al.[167]. In this study,
the quantum yield of CdSe/CdZnS core/shell nanoplatelets was measured to be as high as 60%.
However, growing a shell around the nanoplatelet can also come with some concessions. For instance,
growing CdS uniformly in both vertical and horizontal direction around CdSe nanoplatelets will result
in the change of the exciton dielectric environment and a consequent decrease in exciton binding energy.
In contrast, if the growth of CdS is promoted only in the horizontal plane with respect to the CdSe
nanoplatelet, the resulting core/crown nanostructure will have similar value of exciton binding energy
if compared with a bare nanoplatelet of the same material. This is linked to smaller dielectric constant
of the outside media, as the coverage is not complete.[168]
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The comparison of optical properties of core/shell and core/crown nanoplatelets is most obvious when
observing the evolution of absorption lines with respect to variations of shell/crown dimensions. In
Figure 1.13, the absorption spectra of bare, (a) core/crown and (b) core/shell nanoplatelets are
presented. This experiment was performed by Dzhagan et al.[166] and it clearly demonstrates the
behavioral difference between the two morphological configurations. Unlike core/shell nanoplatelets,
where the weakening of the confinement results in gradual redshifts as the shell thickness is increased,
the core/crown species remain optically indifferent to the changes in crown size. As a direct
consequence of band alignment and greater exciton binding energies, the crown-generated excitons
can quickly and efficiently funnel into the nanocrystal core.[168] For this reason, core/crown
nanoplatelets have been widely recognized for their applicability as photon collectors and
concentrators. However, there are still plenty of unknowns concerning the effect of crown size,
passivation efficacy and general influence on excitonic structure of these nanocrystals.
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1.9 Take-away points and ensuing challenges

Overviewing the literature to the date, the works published constitute a couple of key conclusions:

Whether it is for energy harvesting or scaling or any other application in that regard, the
remaining challenges are mutual. The carry-on message lies in the urgent need for
understanding and controlling the processes that occur at the surfaces and interfaces of one-
dimensional nano-heterostructures and thus, prevent further bottlenecking of the
development and industrial upscaling towards the future devices.

Together, colloidal, and selective area growth techniques are capable of yielding
nanostructures of high quality and of any shape and size in a very reproducible manner.
Planar substrate-based architecture presents itself as a worthwhile foundation for high-speed
electronics and quantum computing. In addition, itis a convenient platform to study the effects
of nanostructure morphology and composition on the electronic properties of the
heterointerface.

Colloidal semiconductors can be viewed as building blocks of future flexible optoelectronic
devices, but also as an ideal test subjects to study how quantum mechanical phenomena are
exhibited on the electronic and optical nature of the nano-heterosystems.

Conclusively, a methodological experimental approach should be formulated and applied to
study the defect-resilient 1D nanoscale heterosystems.

However, this task involves overcoming the following challenges:

Devise an experimental setting which can ensure sample preservation before and during the
measurements. Multiple instrumental techniques should be utilized to explore all the angles of
certain property, preferably in a well-controlled and non-invasive manner.

Develop a reliable methodology to study band alignment and charge transport in nano-
heterostructures.

Investigate the correlation between band alignment and quantum confinement on one side,
and nanostructure optical and electronic characteristics on the other.
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Chapter 2. Characterization techniques

2.1 Introduction to scanning probe microscopy

As discussed in the previous chapter, electronic components, sensors, energy harvesters, and
biological systems integrate an increasing number of nano-devices. To predict their behavior and
ensure the highest possible performance, a thorough characterization of physical and chemical
properties of their nano-sized components is essential. Far-field techniques such as optical or electron
microscopies have been widely used to characterize the morphology and crystalline structure of
nanomaterials, however these techniques are limited by the thickness of the samples, conductivity and
most importantly, resolution (half a wavelength of the photons or electrons, respectively). As a result
of their small sizes and technical challenges related to nanofabrication and manipulation, new scanning
probe microscopy (SPM) instruments with high resolution and sensitivity have been developed for
their prompt and accurate characterization.[169], [170]
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Figure 2.1 Schematic illustration of the experiment, STM-LE spectra, and AFM images of the vanadyl-
phthalocyanine (peak at 682 nm) reduction to vanadium-phthalocyanine (no peak present). Figure
taken and adopted from ref.[171]
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In this regard, scanning probe microscopy has become an essential tool in the growing field of
nanoscience. Since its working principle is based on the near-field interaction between the scanning
probe and the sample, these techniques can easily overcome the afro-mentioned resolution limitations
of the far-field approach. Hence, the SPM resolution is constrained only by the geometrical shape of the
probe and the amplitude of the corrugations on the sample surface.[172] To briefly illustrate the
remarkable capabilities of scanning probe microscopy I will refer to the recent work done by Kaiser et
al.[171] The authors of this paper have successfully utilized a combination of atomic force microscope
(AFM) and scanning tunnelling microscope induced light emission (STM-LE) to explore both structural
and optical properties of a single-molecule chemical reaction triggered by means of atom manipulation.
The best demonstration of such a broad range of capabilities sourced only from two techniques is
shown from the results of the experiment which are summarized in Figure 2.1. Here, the AFM images
and emission spectra of before (on the left) and after (on the right) central atom removal are shown. As
it is clearly visible from the AFM images, the vanadyl-phthalocyanine was reduced to vanadium-
phthalocyanine and as a result, the previously present emission at 682 nm was not detected.

In its core, the aim of this thesis is to explore the relations between the surface morphology of the
semiconductor nanostructures and their electronic and optical properties. The only way to obtain the
truthful picture is to characterize them in the conditions as close to the ones right after the
nanostructures have been grown. For this reason, most of the measurements were performed in ultra-
high vacuum (UHV). Scanning tunneling microscope (STM) has proven to be a valuable tool and was a
central instrument for the development of this thesis. Other complementary techniques were used as
well, such as electron microscopies (SEM, TEM), AFM and optical spectroscopies under magnetic field.
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2.2 The theory behind scanning tunneling microscopy

Essentially, the starting point of SPM was the invention of STM in 1981 by Gerd Binnig and
Heinrich Rohrer. This technique was firstly utilized by Binning, Rohrer, Gerber, and Weibel.[173], [174]
Since then, it has led to the creation of various new probe microscopes (e.g. AFM) and has been a widely
used tool in surface science. This is to be expected, as these instruments are able to provide a
topography with atomic resolution,[175] but also information on the local electronic structure.[176]

The operation mechanism is based on the quantum mechanical tunnelling effect. It makes use of a sharp
metallic tip that is positioned just a few angstroms above a conductive surface whilst applying a voltage.
Here, the potential barrier between the tip and the surface is larger than the available electron energy
so that no current can flow based on classical mechanics. However, quantum mechanically, the overlap
of the electron wave functions of the sample and the STM tip allows a tunnelling current to occur. For a
better comprehension of this phenomenon, in the following a brief overview of the main concepts is
given. The simplest form of the one-dimensional potential barrier scenario (illustrated in the top part
of the Figure 2.2) is the most convenient way to understand the concept of quantum mechanical
tunneling.[177] Here, an electron having some energy E is moving in the potential U(z) and can be
described by the wavefunction ¥(z) following the time-independent Schrodinger’s equation in one
dimension[178]:
2 d2
~ oz Y@+ U@Y(@) = E¥(2) (2.1)

Where m is the electron mass, h is the reduced Planck’s constant and U(z) is the height of the potential
barrier. Now, since the regions I and III are outside the potential barrier, where the potential U = 0, by
the scattering theory the solution for Eq.2.1 will be:

W (z) = Aelk? + Be~ikaz (2.2)
Wiy (z) = Fe'k? (2.3)

V2mE

Here, A, B and F are coefficients and k; = -

The first solution describes the electron in the Region I, which can be either moving towards the
potential barrier or be reflected from it in the opposite direction. Whereas the second solution describes
electron which is transmitted in the Region III and is only moving in one (positive) direction.

Regarding the Region II, with a non-zero potential, the solution for the Schrédinger’s equation will be
the following:

W, (z) = Ce'ke? 4 De~ikez (2.4)

Where: C and D are coefficients, k, = -
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Substituting k2 with ik, one gets: k = 72]“1([;(2)_'3) At which point the wavefunction in the Region II can

be written as:

W, (z) = Ce™ + Dek? (2.5)
E
* Simplified case
Region | Region I Region Il
¥(z) U(z)
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Figure 2.2 Split energy diagrams for the simplified potential barrier case (top) and the STM case
(bottom).

The last equation describes the exponentially decaying character of the electron wavefunction inside
the Region II, for an energy smaller than the potential U. For the following boundary conditions z = 0
and z = d, the transmission coefficient (T, defined by the F/A ratio) can be expressed as:

16E(U(z) —E) _,
sz)ze kd (26)
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In other words, the probability of finding an electron on the other side of the barrier is proportional to
e—2kd

This model could be very well applied also to the STM case (see the energy diagram at the bottom of
the Figure 2.2), where we define a barrier height (¢) as the average between the work function of the
tip and the work function of the sample:

_brt s eV
¢="5 "7 (27)

where ¢t and ¢sare work functions of the STM tip and sample, respectively. We also assume a small
bias, which allows to consider a rectangular shape for the potential barrier. When the small bias voltage
is applied between the two, a tunneling current will start to flow. Herein, the probability of an electron
of the n™tip state ¥, having energy Ensomewhere within the range between Erand (Er-eV) on the other
side of the barrier, is proportional to the wave function squared:

P = |¥,(0)[?e™2 (2.8)

Where ¥, (0) is the wavefunction which describes nth tip state at the tip surface and 0 indicates the

location on the tip surface, and k = —Vz:q) From here, the total tunneling current will be proportional to
the number of states in the energy interval eV and can be expressed as:
Ep

e D W) 29)
En=Ep—eV

For small bias voltages, this equation can be re-written in terms of local density of states (ps) near the
Fermi level. For a given location z and energy E, the expression would be:
1 E
pEBx— ) W@ (2:10)

Ep=E—-eV

Consequently, the tunneling current can be written with respect to LDOS near the Fermi level:

I o« Vpg(0, Ep)e=2kd (2.11)

From here, it is clear that the tunneling current is directly proportional to the bias voltage and LDOS of
the sample surface and it exponentially depends on the tip sample distance.

Tersoff and Hamann model was one of the first to successfully describe the electron tunneling at the
STM tip-sample junction, assuming a spherically-shaped apex of the STM tip.[179] By Bardeen’s
formalism[180] the magnitude of the tunneling current that flows between two electrodes in the first
order perturbation theory can be expressed as:

2me 2
[= T; f(E)[1 — f(Ey + eV)] M| 8(E, — Ey) (2.12)
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Here f(E) is Fermi function, M, is tunneling matrix element between the tip wave function ¥, and the
one of the sample Wy of the energies E, and Ey, respectively. The term éS(Eu - EV) is related to the

energy conversion for the case of elastic tunneling. This equation is further reduced in the low-
temperature conditions and when a small bias voltage is applied:

ZneZV 2
L= [Myy|*8(B, — Ev)8(Ey — Ex) (2.13)
uv

Where Er stands for Fermi energy.

To determine the tunneling current, the matrix element should be obtained via surface integral. Hence
itis given by the Fermi golden rule:

hZ
M,y = ﬂf( YV, — W, VW))dS (2.14)

As such to derive M,y the expressions for Wy and ¥, are needed. However, in practice the exact shape
of the STM tip is difficult to know. To overcome this J. Tersoff and D.R. Hamann developed a theoretical
model in which the tip apex is approximated to be a sphere with s-type wave functions, which allows
for the Eq. ((2.13) to be further simplified to:

Loc ) 10y (rp) 8By — Er) (2.15)
Vv

From here the current can be expressed in terms of the sum of the local density of sample electronic
states at the Fermi energy, just centered below the curvature of the spherical tip apex with a radius rs:

ps(rmBe) = ) Wy (rr)I? 8(Ey — Er) (2.16)
\%

However, in practice larger voltages (couple of volts) are used, hence greater number of states within
this window can contribute to the tunneling current. Thus, there are two additional factors that need to
be addressed. First one is tied to the relative shift of the Fermi level of the sample and the tip, and second
the modification of the wave functions due to electric fields.[181] With this in mind and for a
temperature of zero kelvin and voltages that are lesser than the work function of the tip the tunneling
current can be approximated to be[182]:

eV

[ x J ps(E)pr(E — eV) T(E,eV)dE (2.17)
0

Where, ps and pt are the density of states of the sample and tip, respectively at the energy E, measured
with respect to their individual Fermi levels. T(E, eV) is the barrier transmission coefficient and is given

by:
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2dv2m eV
+——E (2.18)

T(E,eV) = exp| — ™ i) 3

Tungsten is the material most commonly used for the fabrication of the STM tips. With the tungsten
work function being 4.5 eV, it is quite easy to evaluate the transmission coefficient from the Eq.(2.18).
The wavevector that is obtained in such a way is around 1 A-1, or more concretely, for the variation of
the distance between the tip and the sample, the change in current will follow as e? = 0.1. This exactly
what allows for the atomic level of sensitivity in the z-direction.

Whereas for the other two directions the spatial resolution of the STM can be evaluated from the
probability distribution of the s-wave tip on the surface of the sample. If we consider that the tunneling
occurs only between the sample and the outmost atom at the tip apex having an s-type wave function:

—2Kkr

e
W2 = ——;withr = /x? +22 (2.19)

For the case when z is much larger than x, r can be approximated to be:

X2

Pzt (2.20)
27
If plugged back in the Eq.(2.19), one gets:
—2kr 2
W2 = SRS L (2.21)
72

The probability density on the surface can be approximated by the Gaussian function in x with a Full
Width Half Maximum (FWHM) of:

Ax ~ — (2.22)

Assuming that the s-wave decay length (k) is around one angstrom, the lateral resolution will be the
following:

Ax ~ 1.44F (2.23)

In practice, the STM tip having a 100 A radius of the apex can be considered to be a decent tip, hence
the lateral resolution would be just above 10 A. However, in most cases the apex of the tip would be
decorated with atomic-sized protrusions which could be the tunneling points, allowing for the
resolution to be lowered even down to 5 A.
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2.3 The theory behind scanning tunneling spectroscopy

In STM experiments, spectroscopy mode differs from the topography one, as the tip is held static
during the measurements while bias voltage is varied. With the use of lock-in amplifier it is possible to
modulate the voltage and measure the differential conductance spectra. This is important, as these
curves are proportional to the local density of states of the sample beneath the tip.[183]

Assuming a constant density if states for the tip, from the equation (2.17) one can obtain the
following:

dI v d
v x eprps(eV)T(eV,eV) + epTJ; m [T(E, eV)]ps(E)dE (2.24)

In large part, the limitation to the resolution of the STS is thermal broadening. When the temperature
is not zero, the expression of the current is:

[ f +Oo[fS(E) — f,(E — eV)]T(E, eV)pr(E, eV)ps(E)dE (2.25)

F,€ is the Fermi-Dirac distribution. It is defined by:

1
fu(E) = E—E, (2.26)
1+ exp( k5T ")

Where kgand T are Boltzmann constant and the temperature. By neglecting the insignificant
contribution of the T(E, eV) and by assuming that the density of states of the STM tip is constant, the
dI/dV relation can be expressed as:

dI

+o g

Bearing in mind the convolution between the derivative of the Fermi-Dirac distribution of
the tip and LDOS of the sample at the given temperature, one can obtain:

a1 1 €xp (%)
WfT(E e _kB—T [1 + exp (E - EZT_ EF)]Z o

In Figure 2.3, the simulation of the differential conductance spectra at three different temperatures is
presented. Considering the density of states of the sample as a Dirac function, the evident smoothing of
the peaks with the increase of the temperature follows the expression (2.28). Therefore, to have the
best possible spectral resolution, all of the STS experiments which will be discussed in this thesis were
performed at cryogenic temperatures.

42



Chapter 2 Characterization techniques 43

— 4K
— 771K
i — 300K | 4

di/dV (a.u.)

e )\ |

100 200 300 400 500
Energy (meV)

Figure 2.3 Illustration of temperature broadening in differential conductance spectra recorded at 4 K,
77 K and 300 K. Figure taken from ref.[184]

2.3.1 The lock-in amplifier

There are many potential noise sources in the STM systems, such as mechanical, thermal, amplifier
induced and most commonly, flicker noise (1/f).[185] The last mentioned is present in most of the
electronic devices and it results from slow resistance fluctuations caused by temperature variations in
the system. In order to increase signal to noise ratio, but also obtain dI/dV curves while avoiding
numerical differentiation, lock-in is used. The basic idea is to measure the derivative of the I-Vs, rather
than compute it and in such a way obtain better signal-to-noise ratio. How this is accomplished is
schematically presented in Figure 2.4. The STM tip is held stable at the set distance d from the sample.
The bias voltage is ramped within a chosen range while the tunneling current is recorded. During the
measurements, a small high-frequency (around 500Hz-10kHz) sinusoidal signal, Vo4 sin(wt) is
superimposed to the tunneling voltage. As a result, the tunneling current will oscillate at the same
frequency. Next up, the tunneling current, along with the noise is converted to a voltage by
transimpedance amplifier. Multiplying it with the reference signal will give a response at the sum and
at the difference frequencies. Hence, only the signal oscillating at the same frequency as reference one
will give a sinusoidal output, whereas everything else will be oscillating at the average value of zero. By
tuning the phase with a phase shifter, one can effectively filter out only useful quantity of the signal by
having it in the mixing product, which will be pushed to the dc value, while the noise will still have the
ac character.
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Figure 2.4 Schematic representation of the I(V) and dI/dV spectra with a block diagram of the lock-in
amplifier.

Using the low-pass filter, only the dc component is extracted from which the amplitude of the
modulated current (sensitive to the slope of the I-V curve) can be measured. This is significant, since
for small modulations, the tunneling current can be expanded in the Taylor series:

. d . d2 .
I(Vbias + Vmodsnl(wt))"'l(vbias) + v I(Vbias) *Vinod sin(wt) + avz I(Vbias) : Vrflod sin(wt) +... (2.29)

where the first harmonic frequency is proportional to the differential conductance signal (d1/dV).
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2.4 STM and STS on the Omicron LT-STM

The single-probe low-temperature STM system (LT-STM) developed by Omicron GmbH, that was used
during this thesis is an instrument of the Physics group at IEMN and is located at the Insitut Supérieur
d’Electronique et du Numérique (ISEN) in Lille, France.

The whole system is kept in ultra-high vacuum (UHV) and comprises of two main chambers, analysis
and preparation ones, as it can be seen in Figure 2.5. To reach and maintain the UHV conditions (~ 10
11 Torr), a set of different pumping tools is required. Aside from mechanical pumping this system relies
on ion getter pumps and titanium sublimation pumps (TSP). Both chambers can be pumped separately
since they are isolated from each other with a gate valve. In fact, the easiest way to describe the system
layout and operation, whilst staying in the context of this thesis, is to follow the path of some archetypal
colloidal nanocrystal (NC) and selective area grown nanowire (NW) samples from their arrival to their
first STM image and STS curve. Before the measurements, both samples are protected from atmospheric
conditions in their own respective ways. The sample NC is a suspension of ligand-passivated
nanocrystals and the NW sample is a one-centimeter squared piece of wafer with nanowires capped
with a thin layer of arsenic.

The starting point of any STM measurements, is to have a high-quality probe, which can be reliably done
by electro-chemical etching of a tungsten wire. In practice, the wire is dipped below the surface of a
sodium hydroxide (NaOH) solution and the voltage is applied between it and the cathode. After 10-20
minutes the lower part of the wire falls off, while the leftover part is sharp enough to be used as the
STM tip. Both NW and NC samples are stored and transported in a way to prevent oxidation and
contamination. If not stored inside the UHV systems, semiconductor nanowire samples are usually held
in highly portable vacuum containers (Figure 2.5a), while air-tight vials containing liquid suspensions
of colloidal nanocrystals are preserved in a cold and dark environment. The next step is to prepare the
samples. The NW sample will be cut to size, whereas for NC sample the suspension will be drop-casted
on chosen substrates and dried with nitrogen flux. Subsequently, both samples will be mounted on the
sample holders. Depending on the type of the sample and the measurements needed to be done,
different configurations of the sample holders can be used (simple plate, bridged, spring loaded, angled
etc.). Once mounted the following step is their introduction to the UHV conditions without breaking the
vacuum of the whole LT-STM system.

This is done through the load-lock compartment located on the side of the preparation chamber (layout
in the inset of Figure 2.5). Both samples are placed on a short transfer rod and the compartment is
sealed shut by screwing it tightly with a copper gasket at the joint. The follow-up bake-out procedure
is done at 120 °C for several hours to remove any residual water from the inner chamber surfaces, but
also the samples. After that, the valve between the load-lock and the preparation chamber can be
opened and the samples can be safely transferred from one to the other. The preparation chamber
contains all the necessary tools for the sample cleaning and other treatments, such as five-slotted
storage bay, quadrupole mass analyzer (QMS), sputtering gun, evaporation stage, heating elements,
thermocouple, and various electrical connections which allow for the sample polarization or for its
isolated heating. All the maneuvering of the samples in the preparation chamber is done either with the
transfer rod or with a manipulator with four degrees of freedom.
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Figure 2.5 LT-STM system: The Omicron LT-STM analysis chamber (blue box) and preparation chamber
(green box). Schematic of the system layout (inset).
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Since no particular preparation is required for our prototypical NC sample, it can be immediately placed
on the long transfer rod and moved to the analysis chamber. As for the NW sample, the arsenic
decapping will be the next step. Arsenic layer is desorbed at 350 °C, by passing an electrical current
through the sample substrate to heat it up for couple of hours, while the whole procedure is monitored
with QMS. Once the arsenic peak has disappeared (as in Figure 2.6b) and the pressure of the chamber
has recovered to its baseline value, the NW sample can be also transferred into the analysis chamber.
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Figure 2.6 Handling the nanowire samples which are prawn to oxidation in the atmospheric
environment. (a) Vacuum container for the sample transport. (b) QMS spectra captured at the beginning
and at the end of NW arsenic decapping process.

There, the samples and spare STM tips can be stored on the six-slotted carousel before entering the
microscope. Since the tunnelling conditions require the tip to be positioned just a few A away from the
sample, a high mechanical stability against oscillations is compulsory to avoid tip crashes and poorly
resolved spectra and images. Hence, the STM has a very compact design and is mechanically decoupled
from the rest of the UHV chamber. Indeed, during operation the STM hangs from the bottom of the
cryostat to which it is connected by three soft springs. The cryostat consists of an outer tank for liquid
nitrogen and a smaller inner tank for either liquid nitrogen (77K) or helium (4.2K). Having a STM kept
at low temperatures has two key advantages. Firstly, it passively improves the vacuum conditions with
screens acting as cold finger with respect to the base vacuum of the UHV chamber (usually up to one
order of magnitude), thus allowing for the sample to stay clean for much longer periods. Secondly, it
reduces thermal drift and noise, allowing for the measurements to be done on the same spot of the
sample for several hours. This is particularly important for performing STS experiments as well as for
the investigation of the bias dependence of one particular structure on the surface. Thermal stability is
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insured by the presence of a double screen which completely shields the microscope from the external
irradiation.

The sample holder inside the microscope has place for only one sample. Therefore, one at the time, our
NC and NW will be picked up with a wobble stick and carefully placed inside the microscope and
measured. Assuming that the measurements will be performed at low-temperatures, the samples will
be left for some time to thermalize, before committing to tip-approach procedure. Once the sample and
STM tip have cooled down, the values of bias voltage (usually couple of volts) and the setpoint current
(couple of dozens of picoamps) would be set, at which point the automatic tip approach can be initiated.
Since the STM is an instrument designed to work best for the case of atomically flat, conductive, and
clean surfaces, doing experiments on either of our samples will be quite difficult. For example, there is
a common challenge for both samples and is related to locating and identifying the nanostructures on
the substrate. This process must not take too much time to avoid general inefficiency, but also potential
contamination or degradation of both the sample and the tip. Moreover, these measurements will
demand constant monitoring of scanning parameters (Isetpoint, Vbias, Feedback loop, etc.) and their real-
time adjustment during the acquisition of the STM images or STS spectra.

2.4.1 STM and STS on selective area grown nanowires

The following section focuses on key points for characterizing selective area nanowires.

2.4.1.1 Locating and identifying the nanowires on the surface.

As mentioned before STM is an instrument designed for the samples with the surface roughness
reaching no more than couple of dozens of nanometers. In that regard, most of the epitaxially grown
nanowires are exceptionally large objects, by STM standards. Therefore, when acquiring STM images
special care must be taken for inevitable and sudden height variations which could cause a tip to crash.
The usual protocol which is used for these kinds of samples involves first finding and then, climbing the
nanowire. Finding the nanowires in the absence of SEM, entails for the initial scanning to be done on a
large scale with an exceptionally low speed, setpoint current, resolution, and with a fast feedback loop.
Once a sudden change in height is detected, the scan is stopped and rotated in a direction parallel to the
nanowire. Climbing the nanowire is done mostly with the same parameters with the only optional
improvement being the resolution. When the tip has reached the top of the nanowire, the scanning
parameters can be changed to favor the quality of the image (e.g. lower bias voltage, higher setpoint
current, stiffer feedback loop, smaller scan area, increased number of pixels, etc.). From the noise levels
and drift traces in the STM images one can know when the tip has reached the adequate level of thermal
and mechanical stability (see Figure 2.7).

Only then, the scanning tunneling spectroscopy can be performed. However, for selective area grown
nanowire samples, only second half of this protocol is applicable. Because the distribution of the
nanowires will be dictated by the initial patterning of the mask, finding a nanowire should be in theory,
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simpler. However, this is not true since the mask itself presents another more severe problem. Due to
its non-conductive nature it renders the possibility of having a successful blind automatic approach
next to impossible. In fact, this is more an instrumental challenge, rather than the one for the operator.

Figure 2.7 STM image with atomic resolution showcasing the mechanical drift of the piezo drivers (area
shaded in blue). The scan was initiated from the bottom of the image and only after approximately 100
lines the system was stable, as it can be seen by the highlighted atomic periodicity. This example STM
image was acquired on the germanene surface at 77 K and with the feedback parameters: Vpias=-0.5V,
Isetpoint= 0.1nA.

Fortunately, the latest generations of STMs can surmount this issue as they have high-resolution UHV-
SEM integrated, and as an added benefit, they are also capable of multi-probe LT-STM, STS and
transport measurements with atomic resolution, all while having remarkable degree of thermal and
mechanical stability. One of such systems was developed by ScientaOmicron and is equipped with four
probes exhibiting equal level of performance. The probes can move and scan independently from each
other, and are monitored by UHV-SEM.[186], [187] One such system was utilized to study one of our
samples at CEMES/CNRS in Toulouse, France. However, what this system offers in terms of atomic
resolution and low-temperature spectroscopy, it loses in flexibility when it comes to the electrical
transport measurements, as it is unable to probe four-point DC electrical characteristics of the samples.
For that purpose, a different variable temperature (VT) four-probe system at the home institute was
utilized.
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2.4.1.2 Performing STS measurements on semiconductor nanowires.

STS on semiconductor nanowires is usually not as demanding as for the case of colloidal nanocrystals,
due to the larger size, but also because the nanostructure surfaces are much cleaner and more exposed
(absence of ligands). However, it is noteworthy that defect, charge, or tip-induced band bending effects
introduce misperceptions regarding the potential distribution across the tunneling junction.

In metallic systems, a polarized probe at the tunneling distance from the sample, involves charge
redistribution on both sides of the tunneling junction. In the sample the charge will migrate to its
surface in order to suppress the generated electric field and keep its net potential zeroed. On the other
side of the junction, the probe will react by screening the surface charges to keep the polarizing voltage
at the set value. However, if the sample is a semiconductor as in Figure 2.8a, the narrative is different.
The formed electric field partially drops inside the near surface region of the semiconductor. This is a
consequence of the low concentration of free carriers present in the semiconductor which could screen
the voltage. The band diagram illustrating this effect is shown in Figure 2.8b, for a p-type doped
semiconductor. Here, the negative bias voltage is applied to the sample. If the assumption is made that
the semiconductor is clean and without surface states, the formed electric field causes electron
accumulation near the surface and bends the band downwards. Yet, if the positive voltage is applied the
upward band bending is expected. Either way, the energetic positions of the semiconductor surface
states will be shifted. This effect is called tip-induced band bending (TIBB) and can alter the
interpretation of STS spectra.

To quantify the extent of TIBB, in 2007 Feenstra et al.[188] have defined which are the important
parameters to consider: sample doping concentration, effective masses, tip-sample separation and tip
radius and finally, the electrostatic potential energy difference between the probe and a point deep
within the semiconductor (¢r). This quantity can be expressed as:

dr=eV+Ad (2.30)

where the contact potential A is given by the work function difference between the tip and the sample:
Ad = oy — x — (Ec — Ep) (2.31)

Here, ¢, is the work function of the metallic tip, X is the electron affinity of the semiconductor sample,
Ecis the energy which corresponds to conduction band minimum and Er is the Fermi level of the sample.
Depending on the sign of the contact potential, the downwards band bending will be induced for the
negative values and upwards for positive.

Furthermore, it was demonstrated that it is possible to obtain fairly accurate voltage distribution maps
of a given tip-semiconductor system by solving the Poisson’s equation in the 3D geometry within the
boundaries of ¢t and Fermi level position in bulk of the semiconductor, as showcased in Figure
2.8¢.[189] Here, the equipotential lines indicate that the potential penetrates well beyond the atomic
sites at the surface of the semiconductor, with the maximum located at the point right beneath the apex
of the STM tip (¢y). In other words, the potential energy at this point is deterministic for the shape of
STS curves which are obtained experimentally.
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When there is no band bending the simple relation between the energy of some state and the applied
voltage is valid:

E—Ep=eV (2.32)

However, for the ¢, # 0, a slight modification needs to be applied[190]:

E—Ep=eV—-¢, (2.33)
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Figure 2.8 Tip induced band bending (TIBB) in semiconductors. (a) An example of an energy diagram
for the STM tip-vacuum-p-type semiconductor tunneling junction of a width much larger than the
tunneling distance. (b) Energy diagram of the same system (in the absence of surface states) when the



52 Chapter 2 Characterization techniques

tip is brought in the tunneling distance from the semiconductor surface and when both values of both
sample voltage and contact potential are negative. (c) Simulation of the potential distribution, for a tip-
sample separation of 1 nm, tip radius of 30 nm, and tip position 1 nm inside the InGaP layer. A situation
of depletion in the semiconductor is shown, with potential energy contours separated by one tenth of
the potential difference between tip and semiconductor (e.g. with the electrostatic potential energy of
the tip being 1 eV relative to a point far inside the semiconductor. The contours are at energies of 0.1,
0.2.., 0.9 eV). Figures (b) and (c) taken and adopted from ref.[188] (d) An example of a similar system
asininsets (a) and (c), with a differentiating feature being the presence of surface states (SS). The added
contribution of the surface states to band bending is denoted with SIBB. The system is portraited in a
non-equilibrium state. (e) System is in equilibrium. Figures (d) and (e) from ref.[191]

Notably, having any type of surface-localized charge imbalance with respect to the bulk of the material
can result in the perturbations in the electronic structure of semiconductors, leading to possible errors
in the experimental estimation of the TIBB.[192] For instance, the dangling bonds of exposed surface
atoms which host an electron pair, form an electronic state usually within the band gap of the
semiconductor. To exemplify this scenario and its correlation with TIBB, the band diagrams in Figure
2.8d,e are presented. Here, the same tip and p-type semiconductor system as in previous panels is
shown, but with the semiconductor having midgap surface states which are half filled. Because the
semiconductor doping is of p-type, its Fermi level will be located close to VB. This energetic position is
much lower than the surface Fermi level, signifying that the system is in the disequilibrium state (inset
d). To retain charge balance the electrons will transfer from the surface to the bulk, pinning the Fermi
level midgap and causing further downward band bending, as demonstrated in the inset (e).[191]
However, depending on the material an opposite effect can occur, in which the TIBB will be reduced by
having large amounts of surface states, i.e. available charge to screen the electric field produced by the
STM tip. Altogether, the conclusion can be drawn that special care must be taken when interpreting the
STS data for even the simplest semiconductor samples, since practice has shown that the technique
itself can be electronically intrusive.[192]-[194]
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2.4.2 STM and STS on colloidal nanocrystals

In the following the same point from the previous section will be again addressed, but for the generic
case of colloidal nanocrystal-based samples.

2.4.2.1 Locating and identifying the colloidal nanocrystals on the surface.

To ensure the best efficiency of the experiment, it is crucial to attain the optimal density of the
nanocrystals deposited on the substrate (ideally, 1-10 per 500 nm?) during the drop-casting procedure.
Having the bottom limit is obvious for the above stated reason, but it is also just as imperative to define
the top one. Indeed, very high densities of nanocrystals deposited on the substrate can introduce couple
of issues: higher probability for the STM tip to become contaminated, lesser number of suitable zones
on the substrate for tip-forming maneuvers, and difficulties in finding an isolated nanostructures. The
last is especially important for the spectroscopy, as having tip-nanocrystal junction on one side, and
nanocrystal-substrate on the other is the only way to have true information about their electronic
nature, which may not be the case if they are clustered together. Another problem is tied to the fact that
the nanocrystals are generally exceedingly small and have their surfaces completely covered with
ligands. Regardless of the set measuring mode, if the electric field induced by the STM tip is potent
enough it can certainly push the nanocrystals away. However, reducing tip influence by lowering the
feedback parameters will increase the likelihood of its interaction with ligand molecules. It is possible
to clean and completely recover the tip with field emission and controlled contacting with the metallic
substrate. Yet, this is to be avoided, since it can be a very time-consuming process, and not always with
a successful outcome. Hence, to minimize the deleterious effects, assessing the polarity and the “just
right” value of the applied voltage becomes crucial.

2.4.2.2 Performing STS measurements on colloidal nanocrystals.

Even when everything is done properly, i.e. the single nanocrystal is located and identified, the tip
positioned and stabilized, and the STS data acquired with adequate statistics, it is likely that its follow-
up interpretation may not be straightforward. If not thermally or chemically pre-treated, it is expected
for the colloidal nanocrystals to be passivated with ligand molecules, effectively forming a mostly
homogeneous dielectric shell. If the shell thickness is comparable to the tip-sample tunneling distance,
the system is best described with a double-barrier tunneling junction (DBT]) model (shown in Figure
2.9).

In this model, the tip-nanocrystal and nanocrystal-substate junctions can be portrayed as two parallel-
plate capacitors connected in series, with their respective values of capacitance Cry and Cns. Hence, the
potential drop across each junction can be expressed as:

Crn

VN = Vbias Con + Crs

(2.34)
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for the tip-nanocrystal junction, and

Vin = Vi _ Cns (2.35)
*Cns + Crn
for nanocrystal-substrate one, where Vbias is the applied bias voltage.[195]
For each junction, the capacitances are:
€A
CTN = (236)
drn
€A
CNS = (237)
dys

, respectively. Here, A is the area of the capacitor, ¢ is a dielectric constant, dyyis the distance between
the tip and the nanocrystal and likewise, dysis the physical gap between the nanocrystal core and the
conductive substrate. The STS voltage sweeps entail lifting and dropping of the tip Fermilevel in energy.

As long as its energetic position is within the band gap of the nanocrystal, no tunneling current will
flow. However, once it becomes resonant with either CB or VB states of the nanocrystal, the probability
for electrons (holes) to tunnel across the nanocrystal to the substrate becomes favorable.

Let us first consider a scenario in which the nanocrystal is passivated with short-chained ligands. In this
geometry the noteworthy condition is that the nanocrystal-substrate distance is significantly smaller
than the tip-nanocrystal one, as shown in Figure 2.9a. Therefore, the value of Cty will be much smaller
than Cyg. Moreover, as a result of significant variation in tunneling resistances between the two
junctions, the electron tunneling rates from the tip to nanocrystal ( I'n) and from nanocrystal to the
substrate ( T'out) will also be different.

In specific, I'n will be much smaller than outhence, the DBT] system will be devoid of any charging
effects, because no more than one electron will be added to the nanocrystal at any given time. This is
better known as shell-tunneling.[196] In other terms, the potential drop across tip-nanocrystal junction
will be far more substantial when compared to nanocrystal-substrate one, hence the DBT] can be
described with having an asymmetric character.

To estimate the extent of this effect, the ratio of potential drop and the applied bias voltage can be
expressed as:

_ Vin

n (2.38)

Vbias

and is defined as the lever-arm. In Figure 2.9b, one STS voltage sweep is represented in the form of
energy diagram for the shell-tunneling case, where the lever-arm is very close to 1.
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Figure 2.9 Scanning tunneling spectroscopy on colloidal nanocrystals. (a) The schematic depiction of
the asymmetric (left) and symmetric (right) double-barrier tunneling junctions. Inset in the middle is
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block diagram representation of the DBT]. Figure inspired by the topical review of Swart et al.[195]
Energy diagrams showing charge transport in the systems where lever-arm is (b) n ~ 1 and (c) n < 1.
Figures taken and adopted form the ref.[197] Notation: d(R, C)ysand d(R,C)ry are nanocrystal-
substrate and tip-nanocrystal distances, resistances and capacitances, respectively; I'in and [out are
electron tunneling rates, and in their respective order, VBM, CBM, CBE are valence band maxima,
conduction band minima and excited energy level in the conduction band. Small, filled cycles stand for
electrons and empty ones for holes.

In this layout, the carrier transport through first hole level (VBM), first electron level (CBM) and first
electron excited state (CBE) is governed in the one-by-one manner:

T]eVbias = ECBM + 2:el (239)
nevbias = ECBE + E:ez (240)
NeVpias = Evem — Zm1 (2.41)

Here, Z¢1, Xep, and Xy, are first electron, second electron, and first hole electrostatic polarization
(charging) energies, respectively. This quantity is correlated to the addition of a single charge into the
nanocrystal. As a result, when the bias voltage is applied, the energy levels of the probed nanocrystal
will be shifted a bit with respect to their zero-bias position. From here, the width of the apparent STM
band gap (VS™)can expressed as:

neVe™ = Ecgm — Evem + Ze1 + Zny (2.42)

Since polarization energy does not depend on the exact shape of the wavefunction, one can assume
values for the electron and hole are more or less the same:

T]eVéTM ~ ECBM - EVBM + 2 [243)

To summarize, in the absence of charging and for the case of asymmetric DBT], the acquired spectra
should give out accurate information about the nanocrystal electronic structure (width of the band gap,
level spacing, etc.), since individual electrons and holes will contribute to the tunneling current by
tunneling through CB and VB states of the nanocrystal, respectively. However, this is not always the
case. In Figure 2.9¢, the schematic of symmetric DBT] is shown. We assume the ligands are much longer
than in the first case causing the capacitance for each junction to be comparable, due to weaker coupling
of the nanocrystal with the substrate. The same can be said for tunneling resistance, which will also
reflect on tunneling rates with now, I'n being similar to [out. This scenario is an ideal platform for the
shell-filling carrier transport to take place, which can affect both the measured width of the band gap,
but also supra-gap level spacing. For the first injected electron, nothing will change with respect to
shell-tunneling regime. However, due to the tunneling rates defined above, the second electron is added
before the first one managed to escape the nanocrystal. For this reason, an additional electron-electron
repulsion term (Je-e) needs to be considered for each other carrier:

NeVpias = Ecgr + Ze1 + Je—e (2.44)
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Due to the less stable nature of the symmetric DBT] and strong charge screening by the tip, one could
expect the lever-arm to decrease even as far as 0.5, which can cause the tunneling of electrons (holes)
on both sides of the zero-conductance region. This implies that experimentally measured band gap no
longer coincides with the real HOMO-LUMO gap. Instead, for example of electron tunneling on both
sides, the apparent STM gap will be:

VE™ = (Ecgm + Ze1 —Ep) (2.45)

n-mn)
where the Eris the Fermi level. While for the hole tunneling:

Vg™ = S (Evem + Zn1 — Efp) (2.46)
n-n)

Even though the above discussed effects introduce lots of difficulties in interpreting STM data, at least

they are experimentally identifiable, by performing subsequent STS cycles with increasing/decreasing

values of setpoint current, with the aim of altering the tip-nanocrystal distance.
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Figure 2.10 (a) Sets of differential conductance spectra acquired at different values of setpoint current
on two different colloidal PbSe/CdSe nanocrystals, where the contribution to the tunneling current at
both negative and positive voltages is given solely by the electron (top) and hole (bottom) ground
states. (b) Variation of the peak position as function of the lever-arm, for the case shown in (a), in their
respective top-to-bottom order. The shaded regions correspond to the measured range of lever-arms
in (a). Figures taken and adopted from ref.[198]
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This was well demonstrated by Nguyen et al.[198] on colloidal PbSe/CdSe colloidal nanocrystals. Some
of the examples from this study are presented in Figure 2.10. In (a) panel, two different sets of
differential conductance spectra taken with increasing values of setpoint currents are presented, where
DBT] was symmetric with the value of lever-arm around 0.5 in both cases. Following the peak evolution
throughout the cycles, their shifts to higher absolute values of positive (top) and negative (bottom)
voltages becomes evident. As a result, one could identify the former trend as a consequence of electron
ground state contribution to the tunneling current on both positive and negative values of sample
voltage, whereas for the latter this role is taken by the hole ground state. Taking the peak positions from
the experimental data for a given value of lever-arm and with further extrapolation using Eq. (2.45) and
Eq.(2.46) valuable trends as shown in Figure 2.10b can be obtained.
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2.5 The Omicron VT four-probe STM

As it was described in the previous sections, a conventional single probe STM is a particularly
useful tool in nanotechnology, as it is capable of imaging the topology and local electronic structure of
various conductive samples. Unfortunately, its characterization-based functionality largely ends there.
However, expending upon it can be as simple as just adding another probe. With two probes, it is
possible to measure the local lateral electrical conductivity of the sample by utilizing each one as a
contact electrode. One such study which I conducted can serve as a helpful example of the potential
benefits and hurdles one could expect from these kinds of experiments. The two-tip measurements
were performed on the free-standing core/shell GaAs/SrTiOs nanowires with a premise of investigating
their electronic properties.
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Figure 2.11 Series of scanning electron micrograph SEM images of free-standing GaAs/SrTiOs
core/shell nanowires, with the brightest nanowire contacted with two W tips. The distance L between
the STM tips is indicated in each frame. (b) I(V) curves measured for the different tip spacings shown
in (a). (c) Resistance R measured from the I(V) measurements as a function of L. R¢, r and pnw
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correspond to the contact resistance, the radius of the nanowire and the nanowire resistivity,
respectively. Inset: Close-up view of the intercept of the fitted R(L) line with the y-axis to determine Rc.

Without going too deep into details concerning the study itself, the results which are presented in
Figure 2.11, clearly showcase the potential of the dual-probe measurements. With a possibility of
moving each of the tips freely, they could be positioned at any place along the nanowire (see Figure
2.11a). Once a good contact is established the I(V) characteristics of the nanowires is probed (as in
Figure 2.11b). With the transfer length method, one obtains the total resistance of the nanowire with
respect to the probe separation. However, in this configuration the contact resistance plays an
important role. It is estimated from the intercept of the fitted line with the y-axis (Figure 2.11c). Stil], it
is worth pointing out that for some experiments the contact resistance can induce some unnecessary
ambiguities. This can be avoided by completely eliminating its effect with a four-probe STM system.

The reason why this works is that the current
injecting circuit is separated from the voltage
sensing one, as illustrated in Figure 2.12. Hence, if
the internal resistance of the voltage sensing part is
exceedingly high, the influence of the contact
resistance becomes insignificant.[199] Once the
four-probe resistance (R4P) is obtained by dividing
the measured potential drop by the injected
current, the resistivity (p3p) for the bulk materials
can be further extracted. In its simplest form (for
the ideal infinite-sized bulk material with four
equally spaced and in-line contacts) the relation
would be the following:

P3p 1
R === _ 2.47
=5 (247)
However, as there are multiple spatial Ry >> Rsample + 2R

configurations (linear equidistant, linear non-
equidistant, square, or even arbitrary) in which Figure 2.12 Top: Schematic representation of the
these measurements could be done on different two-probe resistance measurement. Bottom:
sample geometries (3D, 2D and 1D) the expressions Four-probe  configuration  for  measuring
become more complex and specific. For our studies, resistance without any influence of the contact
these particularities will be discussed on a concrete  resistance. Figure taken and adopted from ref.
case in the third Chapter. [199]

The multi-probe STM used for transport measurements in this work was the Omicron Nanoprobe
system and it is located at the IEMN, Villeneuve d’Ascq, Lille. As it can be seen from the picture in Figure
2.13a, the system is comprised of two main chambers, which have lots of analogous functionalities to
the single-probe LT-STM described above.

60



Chapter 2 Characterization techniques 61

MM

Figure 2.13 Omicron Nanoprobe four-probe VT-STM system. (a) The picture of the entire instrument
with its main segments highlighted in green (preparation chamber), blue (analysis chamber) and red
(SEM column). (b) Inside the analysis chamber. The sample (black rectangle in the center) is
surrounded with four STM tips, out which three are low-resolution and one is high-resolution (HR) tip.
(c) SEM image of the four tips above a planar nanowire sample. (d) SEM image of four tips contacting a
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semiconductor nanowire in the most common, linear-equidistant configuration, where V1 and V2
probes measure the potential drop.

The main similarities are in the UHV environment, mechanical isolation, sample loading systems, tools
for sample preparation and storage. However, instead of the cryostats, this instrument has a high-
resolution UHV-SEM located just above the analysis chamber. As it is a VT system, the temperature
control is achieved with a combination of heating element and cold finger which are in contact with the
sample stage, located inside the analysis chamber. The available temperature range spreads from 30 K
to 500 K. Another obvious difference is in the number of probes, as this instrument has high-resolution
and three low-resolution probes (see Figure 2.13b,c). Each one possesses STM/STS capabilities and can
be moved independently from one another. This allows for the tips to be navigated with the SEM and
positioned in spatial configurations such as the one shown in Figure 2.13d. This is a prototypical
example of the four-probe measurements done on planar nanowires. Here, the two tips which are in
electrical contact with far ends of the nanowire are used as source and ground electrodes for driving
the current through it, whereas the two inner tips act as potential probes. When a current is passed
through the nanowire, the potential drop is measured. The gradient of the obtained I-V curves yields
the four-probe resistance of the nanowire for a given separation between the inner probes. By moving
the probes toward the center of the nanowire, a set of measurements for different tip separations is
acquired. The probe movement is limited only by their size. In practice, with very sharp tips it is possible
to achieve probe separation of around 100 nm. In addition, the precision with which these tips can be
operated allows for establishing light and stable contacts with the samples. As a result, this technique
far surpasses the traditional transport measurements based on contact deposition in three important
areas: non-invasiveness, operation cost and flexibility.
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2.6 Complementary techniques

In the following the two main complementary techniques used for the development of this thesis will
be discussed. These include room-temperature atomic force microscopy and variable-temperature
optical spectroscopy with and without applied magnetic field.

2.6.1 Atomic force microscopy

The atomic force microscopy (AFM) is one of the oldest techniques in the family of scanning
probe microscopies.[200] In similarity to STV, it also utilizes sharp metallic tips and has capability to
map the topography at the nanoscale, but with one big advantage. AFM can work with non-conductive
samples, a particularly useful ability which originates from its design and working principle. The tip is
attached to a spring-like cantilever which interacts with the surface of the samples. Depending on the
tip-sample distance this interaction can be either repulsive or attractive, most commonly linked to van
der Waals, electrostatic or capillary forces.
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Figure 2.14 The working principle behind AFM. (a) Main parts comprising a conventional AFM system.
(b) Nlustration of a typical force-separation curve, where R and A arrows represent the directionality
of the repulsive and attractive force.

Assuming the case in which the first is dominant and where the tip is far from the sample, the cantilever
is not affected by interatomic forces and is in its free equilibrium position. Bringing the tip closer to the
sample the attractive force will deflect the cantilever downwards until reaching the point of contact.
Once in contact, the tip feels the repulsive forces which deform the cantilever in the upward direction.
In other words, the cantilever acts as a force sensor. Any change in motion of the cantilever is tracked
using the laser, which is focused on its far end, close to the tip. The incident laser beam is reflected off
the surface of the cantilever, effectively mirroring any deflection caused by tip-sample interaction.[201]
A position sensitive detector is used to record these variations, while the feedback loop is used to
maintain a predefined setpoint parameters. The three-directional piezoelectric scanner is used to
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control the movement between the sample and the tip. Bending of the cantilever which is recorded by
the photodetector is converted into an electrical signal and processed into a topographical image.
Among many, there are three main operational modes of the instrument. These are classified according
to the separation between the cantilever and the surface, and the cantilever’s oscillation amplitude. In
specific, the contact, non-contact, and intermittent contact modes. In their respective order, first
involves the tip “touching” the sample, i.e., the distance tip-sample is lower than the average size of an
atomic radius, for the next the tip-to-sample separation is larger than 5 nm, and in the last a forced
oscillation is applied to the cantilever at a frequency close to the resonant one. The oscillation is
maintained by a feedback loop and any deviation of the frequency is used to map the surface.

Most of the commercially available AFMs are multi-scale instruments, as their dynamic range spreads
from micrometric to sub-nanometric scale.[202] Regarding the vertical resolution, the instrument is
mainly limited by the thermal noise of the deflection detection system.[203] The resolution can be
estimated using the following expression:

4kyT
Az = 2.48
z T (2.48)

Where B is the Boltzmann constant, k the spring constant of the cantilever, T the absolute temperature.
For a free cantilever of k = 1 N/m and at room temperature this corresponds to 0.074 nm. Regarding
the lateral resolution it is given by the minimum detectable distance between two sharp spikes of
different heights:

d = V2R(vAz + VAz + Ah) (2.49)

With d being the lowest detectable distance, R the radius of curvature of the tip (R) and Ah the small
height difference between the spikes. From the expression above it is clear that the lateral resolution
mostly depends on the quality of the tips. Therefore, the main technical challenge is to obtain as sharp
as possible probes, without compromising their rigidity. The tips which were used in our experiments
usually did not exceed the apex larger than 20 nm, allowing us to have a resolution of just a few
nanometers for mostly flat samples.

The AFM which was used in this thesis was the Veeco Dimension 3100. The high-resolution, non-
invasiveness and overall convenience of the work in atmospheric environment made this instrument
an ideal tool to study the morphology of both the colloidal nanocrystal-based samples and epitaxial
nanowire samples.
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2.6.2 Optical spectroscopy

From the very beginnings of nanoscience, the luminescence-based spectroscopy has been an
indispensable tool for the characterization of semiconductor nanostructures. This is also true within
the context of this thesis since performing measurements in the UHV environment is an expensive and
time-consuming process. In contrast, the main appeal of the optical spectroscopy lies in its time- and
cost-effective, non-invasive, and fundamental nature. Concerning the last, due to its operating principle,
it is inherently capable of giving valuable insight into the electronic structure of the luminescent
materials. Inducing excitation/emission cycles can be done in a number of ways, yet for the case of
semiconductor nanostructures, the most common approach is photoluminescence.[204] This method
entails that the material is excited with light of higher energy than its band gap energy. The whole
process is best described in three steps, excitation, thermalization and recombination. The excitation
stimulates the formation of electron-hole pairs, a consequence of electrons absorbing the energy of the
incident light. Subsequent carrier relaxation within their respective bands is called thermalization and
it occurs through emission or absorption of phonons, thus establishing a quasi-equilibrium distribution
of electrons and holes.[205] Now thermalized electrons and holes can recombine either in a radiative
or non-radiative manner. In the outcome when a carrier relaxation is necessitated with the emission of
a photon, its characteristics can be causally linked to the material properties (width of the band gap,
crystal quality, purity, etc.). There are a couple of most prevalent routes the excited electron can take
during the recombination. In pure and direct band gap semiconductors, one could expect a radiative
band-to-band transition, whereas for the case of indirect band gap materials the photon emission will
be aided by phonons, responsible for momentum conservation.[206] However, if the system contains
impurities (dopants, defects, foreign atoms) the recombination can be mediated through in-gap states.

By and large, the investigation of optical properties relies on the analysis of excitonic complexes which
define the emission of a given sample. A common methodology used for the identification of the excited
states is to perform optical studies in the magnetic field. Depending on the orientation of the magnetic
field with respect to the wave vector of the light (k), the system can be portrayed of being in one of the
two magnetooptical geometries: Faraday and Voigt geometry.[207] In the first one, the light propagates
along the direction of the magnetic field, whereas in the second the trajectory of the light is
perpendicular to it. This classification is based on the differences in the eigen-modes of the propagation
state of the passing light through a given medium. In practical terms, the specific effects of each
geometry can be demonstrated by the setup illustrated in Figure 2.15. In Faraday geometry, the light
which passes through the linear polarizer enters the medium which is longitudinally magnetized (B).
The linearly polarized light is a superposition of left- and right-circularly polarized components,
however, once it enters the medium the magnetic field induces the inequalities in propagation velocities
between the two.[208]
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Figure 2.15 Schematic illustrating the effect of magnetic field on the light passing through medium in a
Faraday and Voigt geometry. Notation: k is the light wave vector, ¢ is the angle of rotation of the
polarization, Bjand B. are longitudinal and transverse magnetic fields, respectively. Figure extracted
from ref.[207]

The resulting phase shift between two circular modes causes the light leaving the medium to have the
plane of polarization rotated (¢) with respect to the original direction.[209] The intensity of the output
light with specific polarization (depending on the orientation of the polarizer with respect to the
analyzer) is measured. Whereas for the measurements of the Voigt effect, the external magnetic field is
rotated by 90° (B.) with respect to the Faraday case, which causes the magnetic linear dichroism of the
light. The components of the incident light which are parallel to the direction of the magnetic field
remain unaffected, while the orthogonal linearly polarized components are experiencing differential
absorption and phase shifts, responsible for the optical rotation and induced ellipticity of the exiting
light.[207]

Since the simple notion “the stronger the magnetic field, the stronger the effect” is valid for both
geometries, the Florida-Bitter electromagnet at the High Field Magnet Laboratory in Nijmegen (see
Figure 2.16a) was used for magneto-optical experiments during the development of this thesis. The
magnet has a 32-mm bore and is capable of reaching 37.5 T, by consuming 20.5 MW of power at 40
kA.[210] Being a resistive and not a hybrid magnet design, such high magnetic field is achieved by
stacking five Florida-Bitter coils (CuAg) and one outer 1 m-wide Bitter coil (Cu), as shown by the 3D
schematic in Figure 2.16b. The length of this coil is around 670 mm and it weighs close to 3000 kg.[211]
The samples is mounted on the titanium sample holder which rests on the three-axis piezo-positioner
(Attocube) and placed onto optical probe made of titanium and carbon. Next, the probe is placed into
liquid helium bath cryostat and secured inside of the magnet.
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Sample holder

1

Figure 2.16 37.5 T Florida-Bitter electromagnet located at High Field Magnet Laboratory in Nijmegen.
(a) The picture of the magnet. (b) 3D schematic of vertical cross-section of the magnet showing the
housing incorporating the coils and the structural elements. Figures taken and adopted form ref.[211],
[212]

The instrumental setup for the optical part of our magneto-optical experiments was quite similar to the
one provided in the ref.[213] For non-resonant excitation measurements, the NPLs were excited using
a pulsed diode laser with a weak average excitation power density <0.02 W cm-2. The PL detected in
backscattering geometry was filtered from the scattered laser light with a 0.55 m spectrometer and
detected either by a liquid-nitrogen-cooled charge-coupled-device (CCD) camera or by an avalanche Si-
photodiode. For polarization-resolved measurements, PL was analyzed by a combination of a quarter-
wave plate and a linear polarizer. The excitation and detection of the light was guided through a lens
and filter system to the sample and the photoluminescence is sent back to the measurement system.
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Chapter 3. Morphology and electronic structure of SAG InGaAs
nanowires

3.1 Introduction

The interest of society for advancement into the technological era of quantum information had a
major impact on accelerating the fundamental research in the field of semiconductor nano-
heterosystems. The development of functional quantum information-based devices such as quantum
computers and quantum communication systems requires fabrication and manipulation of the
materials to be done at the atomic scale, where quantum mechanical effects are ever-present.[214]
Nowadays and for this function, the advances in various crystal epitaxy growth operations have made
the nanoarchitecture and nanofabrication a reproducible and flexible process. Among plethora of
techniques which fit in this category, selective area growth method certainly stands out, as it offers a
fine composition, dimension, and orientation control of the end nanostructures.[123], [215]-[219]
Hence, in this work we exploit all three of these degrees of freedom to create an ideal playground to
study fundamental properties of nano-heterosystems.

Among countless of possible geometries, nanowires have caught our interest, since their 1D shape
offers improvements in material quality and consequently, future device performance.[220]-[223] As
it was highlighted in the first chapter, this can be accredited to relaxation of elastic stress through
nanowire sidewalls, which in return will reduce density of structural defects in lattice-mismatched
heterosystems. Moreover, as an added advantage, with selective area growth it is possible to precisely
define nucleation sites within the mask cutouts mirroring the predesigned patterns, effectively
overcoming position and orientation randomness commonly associated with other nanowire growth
methods.[224] Regarding the material preference, I1I-V compound semiconductors present themselves
as a straightforward choice, mainly due to their ease of integration with Ge or Si substrates without
lattice or thermal expansion induced mismatch.[219] In particular, we have opted for the material
combination of InGaAs and InP, since over the decades of intense research, it has been recognized for
its potential applicability in highspeed electronics and optical communication systems, due to high
electron mobility and optical band gap of 1.3 - 1.6 um, inherent to its resulting heterostructures.[225]
However, to take a full advantage of these outstanding optical and electronic properties and bring them
towards engineering and fabrication of future quantum devices, it is crucial that one has a good
understanding of the underlying processes at the heterointerface from which those characteristics
originate. For instance, the information concerning the valence and conduction band offsets.

Defined by the band alignment between two different semiconductor materials which comprise a
heterostructure, the band offsets can be portrayed as a discontinuity among their respective band edges
at the interface. In general, the band alignment in semiconductors is classified into type-I, type-I1, and
type-IIL. Starting from the first, the band gap of one semiconductor completely incorporates the band
gap of the other. Whereas for Type-II, the gap overlaps between the two exists, but it is not complete.
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And finally, in the case of Type-III the gap overlap in energy is not present at all. However, accurate
determination of band offsets is still not straightforward. This becomes quickly apparent if one reflects
on the present literature, as the extensive comparison between experimental data acquired across
various techniques and theoretical predictions reveals major inconsistencies among the reported
values for band offsets for many heterosystems, including InGaAs / InP ones. Thus, the task of device
designing based on heterojunction engineering requires a more reproducible characterization
approach to be established.

For this purpose, we have engaged scanning probe microscopy to study InGaAs nanowires selective
area grown on the p-type doped InP (001) surface. With the use of single-probe low-temperature
scanning tunnelling microscope (LT-STM) we started by focusing on the topography of the nanowires.
This study included thorough investigation of the surface reconstruction on both nanowire top and side
facets. With the heterointerface being so sensitive to the even slightest changes of chemical and physical
parameters that define it, understanding the relation between the shape of the band offsets between
two dissimilar semiconductors and the heterointerface morphology is essential. For this very reason,
we have addressed the nanowire growth mechanics by complementing our work with alarge-scale AFM
study. And lastly, by combining the low-temperature single- and multi-probe scanning tunnelling
spectroscopy (STS) with the two-tip and four-tip transport measurements we have managed to
accurately determine values for both conduction and valence band offsets.
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3.2 Sample preparation

The following section describes the technological processes (step-by-step schematic in Figure 3.2)
behind the fabrication of Inos3Gao47As nanowire-based structures on InP, starting from the initial
design created in the LayoutEditor software (see Figure 3.1) all the way up to the “STM-ready” sample.
As this process is based on MBE selective area growth method, the formation of the patterned cutouts
on the surface was the first step.

Figure 3.1 Detailed map created in LayoutEditor software showcasing various nanowire-based
nanostructures grown for the LT-STM experiments.

This task is accomplished by firstly depositing 30 nm-thick SiOz on a InP (001) substrate by plasma-
assisted chemical vapor deposition (PECVD) at 300 °C. Once the uniform mask is attained across the
whole wafer, it was covered with 100 nm of positive resist by spin coating. In specific, polymethyl
methacrylate (PMMA; 495K 3%).
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Figure 3.2 Schematic representation of the InGaAs nanowire sample preparation for the follow-up
multiprobe LT- and VT-STM measurements presented in eight consecutive steps. Structures are not in
scale.

The next step involved the combination of pattern writing with the electron beam and the successive
development of the created patterns with the mixture of 30 mL of MIBK (methyl isobutyl ketone) and
60 mL of IPA (isopropyl alcohol) for 90 seconds. After that, the engraved patterns in the resist were
transferred onto the mask below by reactive ion etching (RIE). The instrument assigned for this task



72 Chapter 3 Morphology and electronic structure of SAG InGaAs nanowires

was Oxford Plasmalab 80 Plus, while the protocol consisted of the following steps: i) 6 seconds of Oz
plasma to clean the openings in the mask of any resist; ii) the etching of the mask was done with CHF3
(20 sccm) / CF4 (20 sccm) / Ar (10 sccm) plasma for 55 seconds with 100 W RF power and a chamber
pressure of 50 mTorr; iii) the resist from the mask was removed after 10 minutes of UV exposure,
subsequent acetone bath (50 °C) for the same duration and final cleaning with Oz plasma for 30 seconds.
The etching into silicon oxide mask was stopped 20 nm short of InP to avoid exposure of the
semiconductor layer to plasma and chemical treatment involved in the follow-up resist removal
process. For making the openings go all the way through to the InP surface, chemical etching was used.
In this step, the sample was dipped in an 1% concentrated solution of hydrofluoric acid for 30 seconds
and then, rinsed with water. At this point, the sample was ready for its transfer to the MBE, as the InP
was covered with 10 nm-thick silicon-oxide mask having the desired patterned cutouts. Prior to the
growth, the sample was subjected to deoxidation under arsenic and atomic hydrogen flux, while being
stabilized at 470 °C. The importance of this step has been recently reported.[126] In particular, it has
been demonstrated that hydrogen cleaning of the InP surface has significant impact in increasing the
growth selectivity with respect to silicon-oxide mask. Finally, the hydrogen assisted nanowire growth
under indium (0.106 ML/s (monolayer per second)), gallium (0.094 ML/s) and arsenic (1 ML/s,
corresponding to V/III ratio of 5) flux was initiated. For the exact growth conditions please refer to the
work done by Alexandre Bucamp.[131] To protect the sample from oxidation during its transfer to the
STM system it was capped with around 20 nm of arsenic. Once inserted into ultra-high vacuum this
protective layer was removed by annealing the sample at 340 °C for one hour. And with this last step,
the sample was ready for the upcoming SPM studies.
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3.3 Nanowire morphology

Because the realization of future devices based on 1D nanosystems demands for superb control
of the structure quality, position, composition, shape and dimensions, a good understanding of the
physical and chemical processes that govern the epitaxial growth is essential.[226], [227] Usually, the
surface/interface energies and surface diffusion kinetics are considered to be the shape-determining
parameters. Conveniently, it has been shown that both can be tuned by controlling the growth
conditions.[228], [229] Reviewing the literature to the date revealed that there were couple of
experimental feats which were aimed towards understanding the growth mechanics of selective area
MBE/MOVPE grown nanostructures. Since the I1I-V semiconductor nanostructures which were studied
in this thesis were grown on (001) substrates, the following discussion will mainly focus on similar
compositional and geometric configurations.

For instance, the work of Fahed et al.[230] demonstrated that the flux ratio of the material constituents
can affect the final shape of SA-MBE grown InP nanowires on InP substrate. The 200 nm-wide
nanowires were grown on InP (001) along [1-10] and [110] directions. After the growth, the
investigation of the nanowire morphology was carried out with FIB-STEM (focus ion beam preparation
coupled with scanning transmission electron microscopy). The results of this study are presented in
Figure 3.3a and showcase the evolution of the nanowire shape with respect to P/In ratio and nanowire
orientation. For the nanowires spreading along [110] it was clear that (111)B can be controlled by the
growth conditions, whereas for the [1-10]-oriented nanowires the flux ratio did not have significant
effect. This discrepancy was linked to strong dependence of (111)B facets to phosphorus chemical
potential. Another recent example would be InAs planar nanowires grown by selective area chemical
epitaxy on InP (001), InP (111)B and InP (110) substrates.[231] This work revealed the effects of
growing the nanowires in different orientations. For all the configurations the growth at 520 °C
displayed excellent selectivity with respect to SiO2 mask. Interestingly, on the (001) surfaces the grown
nanowires were again of a radically different shapes depending on if they extend along [1-10] or along
[110] directions. The nanowires along the [110] direction had rectangular cross-section with just small
portion of the truncated edges of (111)B facets. While the nanowires stretching along [1-10] direction
had been dominated with (111)A facets and, thus they had more trapezoidal cross-section. Likewise,
for this growth study, the observed shape-dependences were accredited to the surface thermodynamics,
as the formation of the facets with the lowest surface energy will be favorable. Throughout the years
this has been a common narrative for description of growth mechanisms at the nanoscale. Indeed, with
the decrease of the dimensions the surface to volume ratio becomes more prominent thus putting
further emphasis on the effect of the surface energies, all while the effects of surface kinetics are
expected to be reduced, since the diffusion length of, for example, group-III materials was determined
to be in the micrometer range, which far exceeds the size of the nanostructures.[232], [233]
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Figure 3.3 The role of surface migration in MBE selective area growth. (a) FIB-STEM images recorded
after 200 nm InP growth in apertures directed along [1-10] and [110] for P/In = 5. Figure taken and
adopted from ref.[230] (b) Schematic of the model describing three stages of precursor dynamics
during the selective area growth of InP micro-stripes. The black circles and arrows illustrate the surface
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migration process. Initially, the adatoms are adsorbed onto the sidewalls (1), from there they can either
migrate to the top facet (2) or desorb (3). lllustration taken from ref.[234] Insets (c) and (d) show
selective area grown InGaAs nanowires on InP (001), which are oriented along [110] and [1-10]
directions, respectively. Figure taken from ref.[131]

However, this might not always be the case. Even at the early stages of the microscale epitaxial growth,
the importance of growth kinetics on the structure shape and quality was recognized.[235]-[238] For
example, the work of Grandjean et al.[239] theoretically and experimentally demonstrated the effects
of the diffusion length on the growth of the highly strained InxGaixAs on GaAs(001). The authors have
studied the effects of mass transport by observing the variation of the critical thickness at which the
three-dimensional growth takes over the two-dimensional one. This transition in growth dynamics has
been readily discussed in the earlier studies, with its driving force being linked to the decrease of the
strain energy.[240], [241] Together, the Monte Carlo simulations of InosGaosAs and RHEED (Reflection
High-Energy Electron Diffraction) measurements of Ino3sGaossAs growth on GaAs (001) substrate
clearly showcased the major effects of two main growth parameters on the diffusion length and thus,
on the surface topography.[239] In specific, growth temperature and growth rate. The diffusion length
can be defined as:

A=+tD (3.1)

, where T is the mean residence time of the atoms on the surface and D is the surface diffusivity. The
latter can be expressed as:

D = Dy exp(~E/,7) (3:2)

with D, being the maximal diffusion coefficient and E activation energy for the diffusion of the atoms
on the surface.[242] Since re-evaporation of the atoms in the MBE conditions can be neglected, the first
of the two variables in Eq. (3.1) can be considered to be the time needed to grow one monolayer of
material (growth rate). As an alternative, the diffusion length can also be controlled by either increasing
the energy (E) of the barrier with the use of surfactants, or just simply by varying the growth
temperature (see Eq. (3.2)). Naturally, the knowledge obtained from this, and similar studies was not
only applicable for achieving the well-controlled two-dimensional layer-by-layer growth, but also for
the one on planar patterned substrates towards the fabrication of advanced integrated devices. For
instance, the selective area growth of InP micro-stripes on SiO2 by MOVPE was well described using a
model which encompasses three key parameters: the diffusion length on the epilayer, the diffusion
length on the mask, and the lifetime ratio of the mask and epilayer. In practical terms this is significant,
as it was one of the first studies to demonstrate the surface migration as a relevant factor.[243] In
particular, no prior selective area growth model was able to describe the ridge formations near the edge
of the mask, as they were a product of the precursor migration from structure sidewalls to towards the
top facet. Notably, this was not a lone example, as similar cross-sectional shapes were observed for
various growth conditions and different microstructure compositions, dimensions and
orientations.[244], [245] Interestingly, a nanoscale subject was recently reported.[131] Insetin (c) and
(d) in Figure 3.3, show InGaAs nanowires grown in [110] and [1-10] directions on InP (001) substrate,
respectively. The same selective area growth protocol described in Sample preparation section was
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used, with the exception of having longer growth time. Regardless of the nanowire orientation, there is
an evident presence of the ridge formations at the edges of the top facet which frame the depleted
region in the center of the nanostructure. In general, not much is known about the selective area growth
regime that takes place in the MBE chamber,[126] and even more so about the origin of the peculiar
morphological features. To shed more light into the field, the following section showcases the results of
the extensive scanning probe microscopy study of InGaAs nanowires grown on InP, by MBE selective
area growth.
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3.3.1 SEM measurements

The complex nano-heterostructures involved in this study have a shared building component. They are
comprised of the interconnected individual InGaAs nanowires lying flat on the InP (001) substrate, as
schematically shown in Figure 3.4a. Regardless of the shape of the nanostructure, the length of the
individual nanowires within it appears to be the same, measuring up approximately 10 pm. The width
and height, however, vary depending on the size of the patterned cutouts in the mask, but also on the
nanowire orientation with respect to the substrate. The exact values of these dimensions will be
discussed on the case-to-case basis later down in the text. Lastly, for all structures there are two
prominent crystallographic directions [110] and [1-10].

In Figure 3.4b-f, the SEM images of different InGaAs nanowire-based structures, grown by the
procedure described in Section 3.2, are presented.

Figure 3.4 Zoology of the InGaAs nanowire-based structures grown on p-type doped InP, by selective
area epitaxy. (a) Structural model of the nanowires which comprise the more complex nanostructures.
(b) 14 x 14 um? SEM images of different InGaAs SAG nanowire-based structures which were studied
during the development of this thesis. In the text these nanostructures are referenced as: (b) cross-
shaped nanowires, (c) double-crossbar nanowires, (d) 5 x 5 grid nanowires, (e) 10 x 10 grid nanowires
and (f) 23 x 24 grid nanowires.



78 Chapter 3 Morphology and electronic structure of SAG InGaAs nanowires

As these were the subjects of the upcoming morphological study, for clarity, a specific notation will be
used in their respective order: cross-shaped nanowires, double-crossbar nanowires, 5 x 5 grid
nanowires, 10 x 10 grid nanowires and 23 x 24 grid nanowires.

3.3.2 AFM measurements

In the following, the discussion will focus on the AFM data acquired on various nanostructures, most of
which were mentioned in the previous section.
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Figure 3.5 InGaAs SAG nanowires grown along [110] direction on InP. (a) AFM image of the 592.8 nm-
wide nanowires. (b) AFM image of the 273.2 nm-wide nanowires. Insets (c) and (d) showcase cross-
sectional height profiles of the nanowires in (a) and (b), respectively. (e) Table summarizing the
dimensions measured from the height profiles in panels (c) and (d).
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Figure 3.6 InGaAs SAG nanowires grown along [1-10] direction on InP. (a) AFM image of the 517 nm-
wide nanowires. (b) AFM image of the 229 nm-wide nanowires. The cross-sectional height profiles of
the nanowires in (a) and (b), are presented in (c) and (d), respectively. (e) Table summarizing the
dimensions measured from the height profiles in panels (c) and (d).

Starting with the simplest case of the individual nanowires of two different widths, spreading along
[110] and [1-10] directions. In Figure 3.5, the results of the morphological AFM study of the individual
[110]-oriented nanowires are presented. The AFM images in the panels (a) and (b) showcase the
nanowires grown inside mask openings of larger and smaller widths, with their corresponding height
profiles presented in (c) and (d), respectively.

Focusing on the wider nanowire first (Figure 3.5a), it measures to be 592.8 nm-wide (see Figure 3.5c,
and the corresponding row in the Table e). At its highest point (the interface between the top and side
facets), the nanowire height is measured to be around 15 nm from the SiO2, whereas the angle that
nanowire sidewall closes with the mask was measured to be 38.9 degrees. This value corresponds well
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with the (112) side facet. Note that, all of the nanowire dimensions are, in fact, in a good agreement
with the above mentioned study of Bucamp et al.[131] (for reference see Figure 3.3c,d).

As the growth time for our sample was significantly shorter, the nanowires are much thinner and have
lower sidewall angle ((112) facet vs. (111)B) indicating a less complete nanowire formation. Another
common and more interesting feature is that the height profile of the nanowire does not appear to be
the same across the whole (001) nanowire top facet, as it is clear from the profile in panel (c) In
particular, there is a gradual surface depression symmetrically leading towards the center of the
nanowire from both sides. For simplicity, this feature in the future text will be further referred to as a
“cusp”. Even though the angle of depression with respect to (001) facet is small (1-3°), its presence is
evident for both thick and thin nanowires (see Figure 3.5d). Indeed, as the nanowire width is reduced
to 272 nm, the very slight increase in height is observed (15.6 nm with respect to the mask) and
decrease of the (001) facet. This is an important observation by itself, however, it also had an impact
on the determination of the other characteristics of the nanowire. In particular, the angle of the sidewall.
The most reliable way to accurately estimate its value would be to measure it with respect to the plane-
leveled (001) facet. However, since this was not possible for most of the nanowires, for the sake of
consistency, the angle for all the nanowires within this study was estimated with respect to the SiO2
mask. For instance, the angle of the thin nanowire extending along [110] direction was measured to be
38.2°. This value was attained with two considerations in mind. First one is tied to the fact that the
nanowire sidewalls contain a small bump near the tip of the nanowire, and the second is the slight tilt
of the whole structure with respect to the mask, but more on that later. To address the firstly mentioned,
the angle was measured near the base of the structure where slope appears to be constant for the
largest fraction of the sidewall. This step was performed on both sides of the nanowire and average
value was taken, effectively negating the tilt of the mask.

Studying the morphological modifications with respect to the change of the nanowire orientation from
[110] to [1-10] did not reveal any disappearance of the main features. However, it did showcase the
slight modification of the overall nanowire dimensions and shape (see Figure 3.6). In the (a) panel, the
AFM image of the wide nanowire is presented. From its height profile in panel (c), the following
nanowire dimensions were estimated: height = 14.2 nm, width = 515.3 nm, and angle = 18.4 °. Note that
the values for the width and angle are significantly smaller than the ones measured on [110]-oriented
nanowires. This is also true for its narrower counterpart presented in Figure 3.6b. Here, the nanowire
can be characterized of being 227.4 nm-wide and 21.3 nm-tall and of having a sidewall angle of 19.2 °
(see panel (d)). This time around, the measured angle seems to be consistent between thick and thin
nanowires, and it could be linked to (114) facet. Regarding the cusp, it is manifested to a much lesser
extent than for the case of [110]-oriented nanowires. By taking a closer look at the cross-sectional
profiles of all four nanowires described above, another orientation-dependent feature was revealed. In
specific, for both thicknesses and on both sides of the [1-10]-oriented nanowires there are noticeable
dips near the base of the nanowire. Their depth was measured to be approximately 6.2 nm. To identify
these features, couple of considerations need to be made. First one is tied to the fact that the overall
profile of the nanowires is quite flat since their width-to-high aspect ratio is exceedingly high. Next, the
apex of a very sharp AFM tip is usually around 10 nm. And finally, the nanowire sidewall/substrate
angle is generally small and even more so in the case of the [1-10]-oriented nanowires. Altogether, these
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factors indicate that it would be possible to accurately resolve the interface between the SiO2 mask and
the nanowire sidewall. As a result, we can conclude that the [110]-oriented nanowires appear to be
completely filling out the openings in the mask, which does not appear to be the case for the [1-10]-
oriented ones. However, it is worth pointing out, that in all the cases the width of the [110]-oriented
nanowires was smaller than the widths of the mask openings visible in Figure 3.6c,d. Thus, if one
assumes that the process of fabricating the mask cutouts is independent of the crystallographic
direction, this finding suggests that the overgrowth of [110]-oriented nanowires beyond the mask is
not present. However, this certainly questions the accuracy with which the measuring of the height of
the nanowires along [110] crystallographic direction can be done. One could assume that the mask
thickness is 10 nm and just add it to the value measured from the top of the nanowire. This approach is
the most convenient, but definitely not accurate, since from the previous attempts of sidewall angle
measurements it was clear that the surface of the mask is not perfectly leveled with respect to (001)
plane of the InP substrate below. To overcome the non-uniformity of the mask thickness, another
approach would be to measure the depth of the dip for each individual nanowire structure in [1-10]
direction and apply the correction to the measured value of the height of [110]-oriented nanowires.
Less convenient, and still inaccurate, since the AFM tip becomes more and more blunt overtime which
would result in plenty of inconsistencies in the data pool. Consequently, as the high-level of accuracy
was difficult to reach, our approach focused on consistency, as it was the case for the measurements of
the nanowire sidewall angle. The height of all the nanowire-based structures was done with respect to
the mask itself. However, for a few specific cases which will be discussed later down in the text, the
correction mentioned in the second approach was utilized. At this point, it seems that AFM might not
be the best tool for the job, however, as it is a time-efficient and reproducible technique, it served
purpose for preliminary characterization of a large number of different nanostructures before
inevitable FIB-STEM measurements. Some of the highlights of the AFM statistics collected within this
study will be the next topic of discussion. In order to understand the causality behind cusp formation,
the strategy was to isolate the diffusion length as a parameter. On this basis, the criteria for the
nanostructures which would be chosen for the measurements was set. The nanostructures would be
comprised of interconnected nanowires having the same width (one exception), length, and orientation,
with the only differentiating factor being the spacing between them. The simplest example abiding to
these requirements was double-crossbar nanowire structure (see Figure 3.7). In panel (a) the AFM
image of the whole nanostructure is presented.
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Figure 3.7 InGaAs SAG double-crossbar nanowires grown along [1-10] and [110] directions on the InP
substrate. (a) A large AFM image of the whole nanostructure and high-resolution zoom-in on the area
indicated by the black square. (b) Height profiles extracted along the directions across [1-10] (left) and
[110] (right) crystallographic directions. (¢) Table summarizing the nanowire dimensions extracted
from the height profile in panel (b). (d) Zoom-ins on the cusp of the nanowire of two main orientations.
The image is designed to highlight the material "displacement” around the cusp region.

The clearly visible nanowires forming a double-crossbar geometry are 5 um apart and are of a lighter
contrast with respect to the rest of the substrate. To achieve the best possible sensitivity in the vertical
axis the scanning direction was rotated as shown by the zoom-in on the area highlighted by the black
square. Before the detailed discussion of the nanostructure morphology, it is worth mentioning that
prior to this zoom-in, a swift statistical analysis was conducted confirming that the nanowire shape is
completely uniform throughout its length, with the first structural changes occurring just few dozens
of nanometers prior to its end or intercept with other nanowires. Judging only by contrast variations
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before and after the intercept, the nanowires spreading along [110] and [1-10] directions seem to be
completely unaffected by it.

Furthermore, the [110]-oriented nanowires occupy a larger portion of the dynamic range of the color
palette signifying the presence of more substantial height variations. This was expected, but also
confirmed by the height profiles in panel (b), which were extracted across the nanowires of both
orientations. In particular, along [110] direction the nanowires possess a much deeper cusp when
compared to the [1-10]-oriented ones. In fact, this nanostructure is an ideal playground to investigate
the difference in the cusp topography with respect to the nanowire orientation. There are two main
reasons for this, and both have to do with the spacing between the [110] and [1-10] oriented nanowires.
On one hand, the nanowires are far enough apart, so that they would not be affected by the 2D diffusion
of the precursors. This is clearly the case, as the aforementioned statistical analysis revealed that the
intercept-related topography is highly localized. On the other hand, the separation of the nanowires is
still within the range of the nanostructure itself, as such the slight tilt of the mask will not have a
significant enough effect to introduce ambiguities in the experimental the findings. In Figure 3.7d, the
section focused on the cusp region of the height profile in panel (b) (highlighted by the black dashed
rectangle) is presented. This was done in order to point one striking observation revealed by this
nanostructure. Measuring the areas occupied by each profile revealed that they are comparable, if not
the same. This means that the same amount of the material is involved in the formation of the cusp for
both orientations. Furthermore, this suggest that the directionality of the surface diffusion is the one
starting from the nanowire sidewalls towards the center of the structures. The inequal material
distribution leads to the depletion region in the center of the nanowire with the accumulation regions
at the edges of the (001) facet. Just based on this alone we can conclude that the diffusion of group III
atoms is more hindered in [110] direction. Finally, referencing back to the individual nanowires
presented in Figure 3.5 and Figure 3.6, the dimensions and sidewall angles of double-crossbar
nanowires are comparable in their respective crystallographic directions. Other previously seen
significant features are present as well, such as the small dips near the bottom of the [1-10]-oriented
nanowire sidewalls and smooth lobing near the top [110]-oriented nanowire sidewalls.

Moving on the discussion towards the nanostructures with a slightly higher degree of complexity (5 x
5-grid nanowires), these features and the overall nanowire shape remains the same, as it can be seen
from the tables in Figure 3.8d. This certainly demonstrates a good growth selectivity with respect to
the mask as well as growth reproducibility on the micro-scale. The structure is comprised of combined
total of 20 nanowires forming a symmetric 10 um? grid. Again the height profiles were extracted across
the nanowires spreading along [1-10] (see Figure 3.8b) and [110] directions (Figure 3.8c). The
dimensions are summarized in the table in panel (d). Again, the nanowires do not seem to be affected
by their neighbors indicating that the diffusion length must be lesser than the separation between them,
which is approximately 1.6 um.

In order to investigate a scenario where this number will have a much lower value, we have also studied
the same nanostructures but with a higher grid density. One such example is shown in Figure 3.9, where
the separation between the nanowires was measured to be around 550 nm. And still, this 10 x 10-grid
nanowire structure has kept all the trademarks of the previously discussed examples.
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Figure 3.8 InGaAs SAG 5 x 5 grid-nanowires grown along [1-10] and [110] direction. (a) An AFM image
of the whole nanostructure. Line profiles taken perpendicular to (b) [1-10] and (c) [110] directions.
Table (d) summarizes the nanowire dimensions along two main crystallographic directions.
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Figure 3.9 InGaAs SAG 10 x 10 grid-nanowires grown along [1-10] and [110] direction. (a) An AFM
image of the whole nanostructure. Line profiles taken perpendicular to (b) [1-10] and (c) [110]
directions. Table (d) summarizes the nanowire dimensions along two main crystallographic directions.
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A further decrease of the spacing between the neighboring nanowires would require for the width of
the mask cutouts to be decreased as well. For the next nanostructure the size of the openings was
comparable to the “thin” nanowires presented in Figure 3.5b and Figure 3.6b. The spacing was
measured to be 150 nm between [110]- and 200 nm between [1-10]-oriented nanowires. An AFM image
of a whole 23 x 24-grid nanowire structure is shown in Figure 3.10a, with a zoom-in at the center of it

in panel (b).
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Figure 3.10 InGaAs SAG 23 x 24 grid-nanowires grown along [1-10] and [110] direction. (a) An AFM
image of the whole nanostructure. The table in the top-right corner contains information about the
nanowire crystallographic orientation and measured values of width, height, and the angle of its
sidewall with respect to the substrate. (b) A high-resolution AFM image recorded near the middle of
the nanostructure with its respective height palette. (c) Comparison of the height profiles extracted
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from the individual [110]-oriented nanowire (from Figure 3.5) and the ones comprising a grid structure
in panel (a). (d) Height profiles of the nanowire in Figure 3.6 and grid-nanowires, along [1-10] direction.

The dimensions of the nanowires comprising the structure in both crystallographic directions are given
in the table above. They are in most part comparable to the ones measured on the standalone
nanowires, with one striking exception being the height of the nanowires along the [1-10] direction.
This can be better seen in the height profiles in panels (c) and (d). Here, the profiles from Figure 3.5d
and Figure 3.6d (orange) are superimposed to the ones extracted across the grid-nanowires (blue) in
both directions. The discussion concerning the origin of this phenomenon will continue later down in
the text. However, what is immediately worth pointing out is that the overall shape of the nanowire
reflects a proportional /uniform growth in [111] direction, as if an additional supply of the material was
fed to the [1-10]-oriented nanowires.
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3.3.3 STM measurements

The main instrument we used for this experiment is four tip low-temperature scanning tunneling
microscope.

Figure 3.5b showed a cross-shaped InGaAs nanowire structure lying flat on InP substrate. Among other
nanowire structures on the sample this one was chosen for the STM measurements due to its large size
and spread across two crystallographic directions, [110] and [1-10]. This is important, as it allowed us
to study different parts of the nanowire structures by positioning the STM tips accordingly. From the
SEM image of the nanowire the following planar dimensions were estimated: 10 pm tip-to-tip length
and 550 nm edge-to-edge width.

The LT-STM images in Figure 3.11a, b show the topography of the (001) top facet recorded on the [1-
10]-oriented nanowire. The surface appears to be decorated with clearly resolved alternating dark and
bright rows stretching along the [1-10] direction. These are atomic rows which are vertically broken
up into jagged terraces. Upon closer inspection of the topography, two important bits of information
were obtained from the surface profile in Figure 3.11c, extracted from the path indicated by red dashed
arrow in (Figure 3.11a). First, showcases the periodicity between the bright rows of 1.63 nm, while the
second indicates the terrace height of 0.28 nm. Both values are in good agreement with the ones found
in literature[215] corresponding to 2v2a spacing between the atomic rows (InGaAs lattice constant a
= 0.587) and the height of atomic bilayer, respectively. Together they lead to conclusion that the
nanowire (001) facet is terminated with arsenic dimers as a part of (2 x 4) surface reconstruction,
presented by a simple schematic in Figure 3.11(d). This does not come as a surprise as the nanowires
were annealed at 340 °C for 1 hour, as a part of As-decapping process within a sample preparation
procedure. At this temperature, As-rich surface will certainly accommodate the formerly mentioned
reconstruction, as it was previously demonstrated by RHEED (Reflection High Energy Electron
Diffraction) measurements.[215] In addition, there are two types of defects clearly visible on the
surface, adatom and missing atom ones. Former are connected to bright lobes on the surface, which
could be assigned to arsenic clusters. During the measurements they appeared to be loosely attached
to the surface, as they could be easily moved by the electric field generated by the STM tip. The latter
mentioned defects appear in the images as dark lines or spots, depending on the number of arsenic
dimers missing from the surface. Notably, and regardless of which part of the top facet of the nanowire
cross-structure was investigated (all four cross “arms” and the intercept in the center) the surface
reconstruction, roughness and cleanliness were found to be the same.
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Figure 3.11 The LT-STM (4.2 K) study of InGaAs nanowire topography (a) Large STM overview of the
(001) facet. Feedback parameters: Vbias = -1.8 V, Isetpoint = 50 pA (b) High resolution STM image
highlighting the InGaAs (001) - (2x4) surface reconstruction with a superimposed simple 2D model of
clearly resolved arsenic dimer rows. Feedback parameters: Vbias = -2.0 V, Isetpoint = 50 pA (c) Height
profile acquired across the path indicated by red arrow in inset (a). (d) 3D structural model of the
InGaAs (001) - (2x4) surface reconstruction.
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With the clear picture of surface reconstruction on the top of the nanowire in mind, we have extended
our study towards nanowire sidewalls. Since every nanowire structure on our sample is surrounded by
silicon-oxide, this task was not as straightforward.

Figure 3.12 Schematic representation of the step-by-step procedure used for scanning the nanowire
sidewalls with the LT-STM. Scan areas are presented in yellow, while scanning directions with white
arrows. Structures are not in scale.

In specific, the scenario we wanted to avoid entails accidental overextension of the set scan area beyond
the nanowire boundaries and consequent slipping of the STM tip from the nanowire sidewall towards
the oxide. This will result in the probe crashing into the surface of the sample, as the typical value of
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bias voltage (Vs = +2 V) we used for scanning on the top of the nanowire would not be sufficient to
support the tip in tunneling regime. In addition, due to technical restrain we could not rely solely on the
SEM to navigate and monitor the movement of the probes once the scan has been initiated. This is
because SEM electron beam can influence the tip-sample tunnelling junction resulting in much noisier
STM images or even worse, the unwanted tip-sample contact. To overcome these challenges, we needed
to come up with a different strategy.

Our approach can be broken up into couple of consecutive steps which are schematically presented in
Figure 3.12. Firstly, with the use of SEM the tip was roughly positioned in the middle of nanowire (001)
facetand the automatic approach was initiated. Once the tip-sample tunnelling current was established,
the scan was started in the direction perpendicular to the nanowire and incorporated approximately
50 nm? of the surface area. This scanning direction was chosen as it could provide more contrasted
output for the measured height variations within each linescan. With every subsequent scan the probed
area would be gradually increased until the nanowire edges were reached. At this point the scanning
window was reduced to increase the dynamic range and centered at the interface between the two
facets. It is also worth mentioning that out of four existing tips in the system the one chosen for the
measurements would be the one with the apex facing the nanowire sidewall. In such a way we exploited
the 45 © angled position of the tips to have a more perpendicular angle of attack and thus, reduce the
tip convolution effect. Next, by referring to the AFM images above we estimated the approximately 100
nm-long extension of the nanowire (114) facet, and as a result we limited the scanning area to 50 nm?
to integrate a comfortable safety margin. Lastly, the scanning direction was adjusted to follow along the
nanowire as it, in this case, allowed for increased sensitivity for probing minor protrusions on the
surface. In the end, the above described methodology was found to be effective as we managed to obtain
additional morphological information on a larger scale without the risk of crashing the STM tip by
misjudging its position. The main results of this experiment are presented in Figure 3.13.

Marked as a third step within the protocol described above (see Figure 3.12), the STM image shown in
Figure 3.13a was recorded by scanning across the entire width of the (001) facet. On the top of the
nanowire we observe the now familiar arsenic dimer rows stretching along [1-10] direction. Indeed,
across all 340 nm (edge-to-edge width) the surface revealed the (2 x 4) reconstruction. Another
observation consistent with previous measurements can be found in the height profile of the scanned
area. The clearly visible depression in the middle of the nanowire undoubtedly indicates the existence
of the cusp. The depth of the cusp at its lowest point is measured to be 2.8 nm with respect to the highest
point of the nanowire. Moreover, it is also visible that it possesses a slightly asymmetric shape. In
contrast to the top side of the nanowire, the surface of its sidewalls appears to be disordered. This can
be clearly seen from the 30 x 30 nm23D STM image in Figure 3.13b taken across the 20°-angled interface
between the (001) and (114) nanowire facets. The final step in our methodological approach further
confirms this, since crossing the very abrupt and well-defined boundary between the two planes to
focus solely on the scanning of the (114) facet revealed images as the ones shown in Figure 3.13c. We
suspect that this could be due to incomplete arsenic desorption during the sample preparation stage.
Arsenic clusters, like the sparse and mobile ones already seen on the (001) facet (Figure 3.11a), could
cover and mask the well-reconstructed nanowire surface below.
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Figure 3.13 Large scale study of InGaAs nanowire morphology (a) Edge-to-edge STM image with its
respective apparent height profile extracted across the entire nanowire (001) facet. Feedback
parameters: Vs = +2.6 V, Isetpoint = 10 pA. (b) 30 x 30 nm? 3D view of the STM image acquired by scanning
across the edge of the nanowire. Feedback parameters: Vs = +2.1 V, Lsetpoint = 10 pA. (c) Panorama view
assembled by patching together multiple STM images taken by scanning along (114) nanowire facet.
Feedback parameters: Vs = +2.1 V, Lsetpoint = 1 pA. For clarity, the plane subtraction was performed in
vertical direction with respect to the image.
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3.3.4 Diffusion kinetics model

To unveil the origin of the cusp formation our data was fitted using the model developed by V. G.
Dubrovskii from ITMO University in St. Petersburg, Russia. For modeling of these concave profiles, the
stationary diffusion equation for group IIl adatoms on the top nanowire facet was used:[246]

d?n

n
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The boundary conditions were the following:

-D GZ)X . = jaifr e
(j—i)m =0 (3.5)

Here, D is the effective diffusion coefficient of group III adatoms on the top nanowire facet, n is the
group III adatom concentration, I is the atomic deposition flux in nm-2s-1, t is the characteristic time of
their incorporation into solid InGaAs, ji¢ is the diffusion flux of group Il adatoms to the top facet per
unit length of each side of the nanowire in nm-s?, L is the half-width of the top facet and x is the
coordinate across the nanowire. Schematics of the model is shown in Figure 3.14.

If the assumption is made that the group IIIl adatoms do not desorb, the vertical growth rate on the

dH(xt) _ On

nanowire top facet is equal to = —atany point x, with Q being the elementary volume of solid

InGaAs. Integrating this, the following formulation is obtained:
Qt
H(x) = ?n(x) (3.6)

, with t being the total growth time. The solution to the Eq. (3.3) with the boundary conditions given by
Eq. (3.4) and Eq. (3.5) is:
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Which, can be further presented in terms of the normalized height:
H(x) _ sinh(L/A) + (A/A) cosh[ (L —x)/A] (38)

Hmax  sinh(L/A) + (Ay/A) cosh(L/A)

Hhayx is the maximum height at the edges, A = v/ D is the effective diffusion length of group IIl adatoms

]dlff

before their incorporation into solid InGaAs, and A, = is the collection length of group IIl adatoms

from the mask. In the absence of desorption, group III adatoms should be collected at the nanowire
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sidewalls. Therefore, Eq. (3.8) contains only one free parameter, the diffusion length of group III
adatoms A, which can be deduced from fitting the measured profiles.

max H (x)

L

Figure 3.14 The illustration of the model showing geometry and the main parameters of the growth
process. The description of the can be found in the text.

The results of fitting the ratio Hmax-H(x)/Hmax with the standalone nanowire from Figure 3.5 is
presented in Figure 3.15. This nanowire was chosen for the fitting for two reasons. Firstly, the non-
uniformity of the Si02 mask was minimal and secondly, this was one of the first nanowires to be probed
with a new AFM tip. As such, it was possible to accurately estimate the depth of the dip between the
nanowire and the mask from the extracted profile in order to apply the appropriate correction (1.1 nm
thick SiO2) to the Hmax. As it can be seen from the top panel, the fitting was good and the deduced value
for the diffusion length across [110]-oriented nanowire was A[1-10] = 110 nm. However, fitting the data
acquired on the nanowire in the perpendicular direction to this one did not yield good results. As it was
firstly suggested by the material displacement analysis in the Figure 3.7d and later confirmed by the
STM topography, the diffusion length along [1-10] should be much higher than along [110] direction
due to the orientation of the As dimer rows when the (2x4) surface reconstruction occurs.

In fact, assuming that the diffusion length in [110]-direction is negligible in comparison to L, and that

the growth rate expressed in the Eq.(3.6) is the same in both orientations, now having the exact value

of the diffusion length for [1-10] direction allows for the estimation of the following ratio: % ~ 1.25.

Referencing back to the values obtained experimentally H(L)1-10= 12.56 nm and H(L)1-10= 10.23 nm in
Figure 3.7b, further showcases the validity of the proposed model.

In fact, we explain the observed orientation-dependent disparities in the cusp formation as follows: the
adatoms which adsorb on the top (001) facet can diffuse, until they reach the edge of the nanowires. As
seen in the STM images, the edge is rougher. They consist of bunches of terraces, increasing the
potential barrier to overcome for further diffusion. As a result, the adatoms are incorporated there and
the middle of the (001) facets grows at a smaller rate than the edge. In case of [1-10]-oriented
nanowires, the profile is mostly flat as the diffusion length along [110] direction is miniscule.
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Figure 3.15 The correlation between the surface diffusion and the nanowire orientation. (a) Side by
side comparison of the experimental data acquired on a standalone [110]-oriented nanowire and the
theory, when the assumption is made that the atoms attach only to the nanowire sidewalls and diffuse
towards the center of the structure. Illustrations of the 1D diffusion dynamics across the (b) [110]-
oriented nanowires and (c) [1-10]-oriented ones.
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Moreover, adatoms are also collected at the nanowire sidewalls. They can diffuse to the top edge, where
they will incorporate, adding their contribution to the growth rate at the edge, forming the small ridge
formations (see Figure 3.15c) for the [1-10]-oriented nanowires. Based on the orientation-dependent
diffusion length of the group IIl adatoms, we can thus understand the larger absolute height of the
[110]-oriented nanowires compared to the [1-10]-oriented nanowires and also the stronger cusp of the
former nanowires. At this stage, what we do not know is the existence of small spatial variation in
chemical composition, as the diffusion length of In and Ga could be different. This result calls for cross-
sectional transmission electron microscopy experiments. On their own, none of these results
presented so far explain the unexpected morphology of the nanowires comprising the 23 x 24 grid
nanostructure along [1-10] direction (see Figure 3.10). However, together, they lead towards an
interesting hypothesis.

First and foremost, as a result of the (2 x 4) surface reconstruction one could expect for the value of the
diffusion length to be lower in [110] crystallographic direction because of the higher surface
corrugation originating from the atomic rows (see Figure 3.11d and Figure 3.16a).

Figure 3.16 (a) The key highlights of the SEM, AFM and STM measurements summarized and applied to
the case of schematically represented 23 x 24-grid nanowire structure. (b) High-resolution AFM image
of the same nanostructure.

Another important factor to consider is the density of the nanowires and therefore, the number of
intercepts within the nanostructure. With highly dense nanowire-based structures such as the 23 x 24-
grid one, a larger fraction of its total surface area is accommodated by the intercepts which can also act
as absorption sites. Due to the fact that the STM measurements have shown that the surface
reconstruction across the intercept is unchanged, the diffusion dynamics in both directions should
remain as expected, with A[1-10] >> A[110].

And indeed, by taking a closer look at the high-resolution AFM image in Figure 3.16b, the periodic
contrast variations along [1-10] directions are apparent. In this image, the lowest height in the (001)
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plane is represented by the green color, which can consistently be seen at the center of the nanowire
intercepts. This periodicity was not observed on the larger and isolated intercepts as it was the case for
the double crossbar-nanowires (see Figure 3.7). Note that the separation of the nanowires comprising
the 23 x 24-grid nanostructures is comparable to the derived values of the diffusion length. Altogether,
this led us to believe that building material landing on the intercepts is more likely to diffuse along [1-
10], further feeding the growth of the nanowires and thus, being responsible for the observed height
discrepancy.
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3.4 Electronic properties of heterostructures

The characteristics of nano-heterostructure device concepts will completely depend on the type
of band alignment between each component. Therefore, knowing the precise values of band offsets at
the heterojunction is crucial. Over the years, there have been both theoretical and experimental
approaches developed for this purpose.

We start with the work done by Anderson[247], which involves determination of conduction band
offsets by utilizing electron affinity rule. In brief, the core principle of this rule is based on addressing
every material on a single absolute energy scale by assigning them with a certain position within it.
Thus, the conduction band offsets could be obtained from the differences in electron affinities of the
two semiconductors comprising a given heterostructure, if one assumes a universal value for the energy
of the vacuum level. However, this method had a major flaw. The electron affinities of materials in a
heterosystem should mirror the charge redistribution at the interface and not the potential shifts at the
surface of the structure in question. From here, a plethora of new theoretical approaches have been
developed: starting from addressing bulk band structure at absolute energy scale, with various
effective reference energy levels, such as charge neutrality, pinning of the levels and midgap states for
each of the semiconductors that form the heterojunction, all the way up to the ab initio method and
density functional theory method-based works.[248] With each new iteration, the accuracy with which
the electronic band structure is calculated has been improved. For instance, the most recent scientific
literature contains a report on evaluating the energetic positions of both conduction band minima and
valence band maxima of alloyed semiconductors which combine into various heterosystems, by
utilizing the hybrid functional HSE06 (Heyd-Scuseria-Ernzerhof).[249] Here, the authors have
managed to overcome the inaccurate band gap predictions commonly associated with DFT calculations.
This, if coupled with few additional improvements such as computing the accurate lattice constants and
cation outermost d-orbital binding energies for the bulk III-V compound semiconductors, their
methodology yields result which are much closer to the experimental data (see Figure 3.17).
Unfortunately, this paper does not reflect the overall small success rate of theoretical work done in the
field. Most of the calculations made on the bases of already existing experimental results have yielded
correct predictions. However, calculating band offset with the satisfactory level of accuracy for the
systems that have not yet been measured proves to be still a challenge. Thus, and simply put, having
more and better data will not only leverage this issue, but also provide more trustworthy foundation to
advance heterostructure-based applications. This two-fold motivation puts emphasis on development
of new, and improvement of already existing experimental approaches for determining the band offsets.

Currently, most of the experiments involve optical and electron spectroscopies together with electrical
device-based measurements.[250] However, and regardless of the approach, the viability of the
resulting values is still questionable as there are inconsistencies among them. This is also true for the
case of Inos3Gaos7As / InP heterostructures, a material combination of our own interest. For example,
capacitance-voltage techniques were initially recognized as a “go-to” option for determining band
offsets.[251] When this type of study was engaged on Inos3Gao47As / InP heterosystems, it yielded
vastly different values of conduction band offsets ranging from 190 meV all the way up to 600
meV.[251]-[255] Yet again, switching up the technique to photoluminescence excitations
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spectroscopy a different number was obtained. The results of experiments performed on multilayered
Ino.s3Gao47As QW grown on InP suggested a conduction band offset of 381 meV.[256] Another example
further highlighting the inconsistencies involves admittance spectroscopy, where band offsets of
Inos3Gaos7As / InP superlattice were determined within zero-biased p-n junction, by analyzing
temperature dependence of the capacitance and ac conductance. In this way the authors have managed
to obtain conduction and valence band offset values of 250 + 10 meV and 346 + 10 meV,
respectively.[257]
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Figure 3.17. Direct comparison of the results obtained for the band alignment of AlosGaosAs / GaAs
heterostructure with experimental[258], mod-HSE06 (« = 0.30) and more conventional PBE (Perdew-
Burke-Ernzerhof[259]) approach. Figure adopted from pub.[249]

Finally, one of more recent studies incorporated the analysis of secondary electron thresholds across
an in situ cleaved InP/ Ino.s3Gao47As /InP double heterojunction and the reported value of conduction-
band discontinuity was 210 meV.[260] As it is clear from examples above, having a conclusive answer
for the Inos3Gao.s7As / InP band offsets by conventional methods remains hard to overcome and at this
point, a long-standing issue.

In this work we have chosen scanning probe microscopy as a lone mean to tackle this issue. In specific,
a single- and two-tip scanning tunnelling microscopy (STM) and spectroscopy (STS), together with 4-
probe STM transport measurements. Scientific literature does contain several reports where atomic
resolution imaging and localized spectroscopy, inherent to single-tip STM, were successfully exploited
and able to provide direct information on the internal electronic structure of various semiconductor
heterointerfaces.[261]-[264] However, being able to probe highly localized density of states of the
sample is also the major limitation of this technique. To overcome this and extend our study of
electronic properties of the nanowire to a larger scale, we have complemented our investigation with a
4-probe STM system. Moreover, it was demonstrated that electrical measurements with micro-
fabricated 4-contact points on the hetero-nanowires can disclose charge-transport mechanisms which
occur across the heterointerface.[103] Even though this configuration enables for eradicating the effect
of contact resistance on the measured current-voltage characteristics, the non-invasiveness of contact
fabrication is still debatable. Thus, 4-probe STM presents itself as an ideal tool, as it allows for finer
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control in establishing light ohmic contacts, but also adds an extra level of flexibility in probe
positioning (more in Chapter 2).[199], [265] Finally, to the best of our knowledge, no dedicated study
of band offsets has been reported on InGaAs / InP nano-heterosystems using any of the techniques
listed above or even more so, the combination of them. Therefore, our single(multi)-probe STM
contact/non-contact combination presents itself as a novel approach to determine the band offsets of
semiconductor heterosystems.

The experiments were carried out with two complementary setups: Scanning Tunneling Microscopy
(STM) and Scanning Tunneling Spectroscopy (STS) measurements were done with one and two probes
on the UHV Scanning Electron Microscope (SEM)/multiprobe Low Temperature STM (LT-Nanoprobe,
Scienta Omicron) operated with Matrix control system (Omicron) while the contact 4-probe
measurements were done on a SEM/multiprobe STM (Nanoprobe, Omicron Nanotechnology), operated
with a control system able to run the four STM tips independently (Nanonis multiprobe control system,
SPECS). All measurements were performed in Ultra-High Vacuum (UHV) (base pressure lower than
5x10-19 mbar) and in the dark, always with the electron beam turned off.

The sample chosen for this study was the intrinsic Ino.s3Gao.47As cross-shaped nanowire selective area
grown on p-type doped InP ( 3x1018 cm~3), for which a detailed morphological description can be found
in the text above. Note that the STM topography on the top (001) facet has revealed the (2x4)-surface
reconstruction (see Figure 3.11). This, if coupled with the fact that substrate is highly p-doped should
result in the Fermi level being pinned near the valence band as demonstrated by the recent study of the
quantum well structure of the same composition.[215]
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3.4.1 STS measurements of the Ino.s3Gaoc.47As cross-shaped nano-heterostructure

Here, the results of scanning tunnelling spectroscopy performed on the top of the InGaAs nanowire at
5 K are reported. This was achieved by first fixing the desired tip-sample distance with the STM
feedback loop. Once completed, the STM feedback would be switched off and the data acquisition would
be done by sweeping the chosen bias range while simultaneously recording the resulting tunneling
current. In such a way one can obtain the differential conductance (dI / dV) curves which directly
provide information concerning the density of states of the sample (see Chapter 2). The measurements
were performed in two different system configurations. One involved two STM tips with one acting as
probe, along with the other tip as ground, in contact with the nanowire (as in Figure 3.18a,b) The other
configuration utilized the simple single probe STS with the sample kept at ground, as shown by the
schematic in Figure 3.18d and the SEM image in panel (e).

To eliminate any potential contribution from the InP substrate below and thus, single out just the
electronic response of the nanowire we had begun our study with two tip measurements (Figure 3.18a).
First, one tip was approached at the distance from the nanowire at which the flow of tunneling current
was feasible. As such it was kept for couple of minutes or until reaching a satisfactory degree of thermal
and mechanical stability and only then, the tip was manually approach with couple of dozens of
picometers at the time until the significant jump in measured current was observed. In this way the tip
made light, yet stable contact with the nanowire surface. The bias voltage was set to zero, the sample
was placed in floating configuration and the approach of the second tip was performed. After the
approach, the planar location of the tip was evaluated to be 1.5 pum away from the priorly contacted
probe, as shown in the SEM image in Figure 3.18b. In our case, each STS cycle can be treated as a
sequence of forward and backwards voltage sweeps, with their respective curves presented in red and
blue. In other words, the voltage was ramped from positive to negative values, within a chosen range,
for the first and from negative to positive for the second, with the set raster time (20 ms) in between.
The resulting dI / dV curves acquired at 5K are presented in Figure 3.18c.

Two tip configuration measurements consistently produced spectra where the zero-conductance
region was measured to be 0.81 eV, which is perfectly in line with the values found in literature for the
InGaAs band gap at liquid helium temperatures.[266] Taking a closer look at the curves produced
during the forward and backward voltage ramps clearly display that no hysteresis was present among
them. Thus, we can confidently claim that the curves obtained in this way showcase that the potential
at the InGaAs surface between the position of the tunneling tip and the position of the tip in contact is
constant. As a result, we were able to observe the true width of the band gap which is surrounded by
InGaAs conduction band and valence band states with the expected Fermi level (0V) position close to
the valence band maxima, consistent with the presence of a p-type layer underneath. At this point, we
had a solid baseline for understanding the variations which would be observed in single tip
measurements (see Figure 3.18d,e).
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Figure 3.18 Scanning tunnelling spectroscopy on Inos3Gao47As cross-shaped nanowires at 5K (a)
Schematic of the two tip configuration with the sample floating: one tip is in contact with the nanowire
acting as a ground, while the other was used for probing in tunnelling regime. (b) SEM image of the two-
tip STS configuration. The separation between the two probes was measured to be 1.5 pm (c)
Differential conductance spectra obtained in such a way. Feedback parameters: Vivias = +1.3 V, Isetpoint =
0.5 nA, -z = 500 pm. Here, (-z) is the value of vertical offset which is applied to the tip when stabilized
in tunneling regime and upon switching off the feedback loop. The negative sign expresses that with
this maneuver the tip is moved closer to the sample. The tip stays steady in that position throughout
the whole STS cycle. Here, (-z) is defined as the value of the manual offset in height, which is applied to
the tip, after stabilizing it in tunneling regime and upon switching off the feedback loop. The negative
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sign expresses that the tip is moved closer to the sample surface. The stays steady in this position for
the whole duration of the STS cycle. Individually, the curves are comprised of two consecutive voltage
sweeps presented as forward (red) and backward (blue). The sweeps differ in polarity of the starting
bias with the forward scan being initiated from positive and backward from negative values of bias
voltage. (d) Schematic of single-tip STS configuration with a sample grounded (e) SEM image of the
cross-shaped nanowire probed in a single-tip STS configuration. (f) Two sets of differential conductance
spectra. Feedback parameters: Viias = +1.3 V, Isetpoint = 0.6 nA, -z = 100 pm (bottom) and 150 pm (top).
Again, backward, and forward sweeps are presented in blue and red, respectively.

The results obtained from a single-tip measurement at 5K are reported in Figure 3.18f. Here, two STS
cycles are Y-stacked for clearance and presented. The distinguishing parameter between the two is the
variable tip-sample separation. In specific, the STS was performed as follows: once the tip was stable in
tunneling regime, the feedback loop was switched off and the tip was force-approached for -z =100 pm
(curves below) and -z = 150 pm (curves above) towards the surface of the sample, where it was kept
steady throughout the two consecutive sweeps. As the intensity of the tunneling current in STM has
inverse exponential dependence with the tip-to-surface distance, these values can be viewed as
variation of the setpoint current between the STS cycles, i.e. larger the tip-to-sample separation, smaller
the setpoint current. Side-by-side comparison of the two measurements yielded a couple of key
observations.

e Smaller tip-to-sample separation (curves above):

i) Higher noise level when compared to curves below.

ii) Large hysteresis present between forward and backward sweeps.

iii) The width of the apparent band gap for the forward sweep is measured to be Egsz = 0.93 eV.
iv) Apparent band gap for the backward sweep is measured to be Eg1 = 1.14 eV.

v) The shape of the density of states reveals two distinct features which are Egz = 1.65 eV apart.

e Larger tip-to-sample separation (curves below):

i) Little to no hysteresis present between forward and backward sweeps.

ii) The noise level is generally lower than for curves above.

iii) Egz is missing.

iv) The width of the apparent band gap is measured to be Eg1 = 1.14 eV.

v) The shape of the density of states reveals the same features at +0.94 V and -0.7 V.

Starting from the curves above, the hysteresis between the forward and backward sweeps is
substantial. In particular, the forward sweep gives zero-conductance region of 0.93 eV, a value quite
close to real width of the band gap of InGaAs previously reported in literature and measured in two-tip
configuration (0.81 eV). The variation of the measured band gap between those two measurements
confirms that the influence of the substrate is present when the sample is grounded, with any carrier
path incorporating the 20 nm InGaAs and approximately 300 um of the p-type doped InP below. For
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the backward voltage ramp the conduction band edge is still at +0.7 V, as in the forward sweep, whereas
the valence band edge shift for 0.21 eV towards negative values of sample voltage. This results in a
significantly larger value of the apparent band gap of 1.14 eV. Such a large hysteresis strongly suggests
charge-induced band bending inside of the nanowire valence band.

Focusing on the form of the density of states measured in the band, there are two clearly resolved
features present in the spectra for both voltage ramps. The first one appears as a change in slope at 0.94
eV above the Fermi level (0V). Such features usually signify the presence of an additional pathway for
the electrons. In fact, based on the previous work on Ino.47Gaos3As quantum well grown on p-type dope
InP (001) substrate, it has been shown that electrons transferred from the tip states into the lowest
InGaAs conduction band states leave the conduction band by recombining with holes.[267] At higher
bias, the states of the InGaAs layer become coupled with the lowest electronic states of the InP, adding
anew conduction channel. Therefore, this change of slope can be attributed to the InP conduction band
edge at the heterojunction between the two materials. In this sense, we could evaluate the conduction
band offset between two materials of 0.24 eV. Referring to the values obtained by other techniques
found in the literature, ours is close to the one expected.[260], [268] Furthermore, at negative bias, the
plateau visible at -0.7 V, strongly suggests the possibility of probing the InP valence edge at the
heterojunction between the two materials.

However, increasing the tip-sample distance results in the decrease of the tunneling probability
between tip and nanowire, which yields a different picture from the one seen in the close tip-sample
scenario. The hysteresis between the forward and backward sweeps becomes negligible. In particular,
the edges of the valence and conduction bands are located at -0.43 V and +0.7 V, respectively. This
translates to the much larger than expected and already mentioned zero-conductance region Egi.
Furthermore, the now familiar features, assigned to InP conduction and valence band edges were again
observed at the same positive and negative values of bias, respectively. However, due to the increased
tip-sample distance the transmission probability is decreased. Consequently, at negative bias, the
conductance signal which corresponds to the valence band edge of the InGaAs (-0.23 V) is below the
noise level.[269] In contrast, and as it was previously demonstrated by Feenstra et al.[270] on the case
of Si (111) 2 x 1-reconstructed surface, when the sample is at positive polarity, one should expect slight
lowering of the potential barrier which translates to the increase of the transmission probability and
therefore, the tunneling current. As a result, the conduction band edge was clearly resolved regardless
at which of the two tip-to-sample distances the STS acquisition was made.
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3.4.1.1 Inos3Gao.47As / InP band alignment from STS

Here, we will cover in depth one complete single-probe STS cycle with the use of band diagrams in
Figure 3.19. Even though the nanowire itself is intrinsic, the p-type nature of the InP substrate causes
majority of the charge carriers in the InGaAs layer to be holes. This assumption is consistent with the
measurement of the Fermi level position (given by the zero volt in the STS spectra) below midgap.
Hence, a downward band bending imposed by the pinning of the Fermi level creates an accumulation
layer of holes close to the InGaAs/InP interface.[191]

n=0.86

a\ b\ C

InP ’\5 E: e InP R

o es bt InGaAs InGaAs InGaAs |

Ee Nwhi'fflﬁ S — . :DEF,TIP

+V Forward sweep VY Backward sweep oV

Figure 3.19 Schematic representation of the heterostructure band diagrams at different stages of the
bias sweep within the single measurement cycle, performed in a single-probe configuration with the
sample grounded, as demonstrated in Figure 3.18. (a) Probing at positive values of voltage within
forward sweep. (b) Probing negative values of voltage within forward sweep. (c) Probing at negative
values of voltage within backward sweep.

Performing STS inherently involves injection or extraction of electrons depending on the polarity of the
applied bias voltage, by ascending or descending the tip Fermilevel position in energy.[271] In our case,
and starting from high positive values of bias voltage the Fermi level of the STM tip is resonant with the
conduction band states of the InP substrate. As the voltage ramp progresses towards lower values, the
electrons start tunnelling from the STM tip into conduction band states of the InGaAs nanowire, as
schematically presented in Figure 3.19a. Since the added electrons do not have enough energy to
proceed to conduction band of the InP substrate, the high availability of the holes in valence band makes
for the electron-hole recombination process to be credible. As such the measured apparent STM band
gap should remain unchanged. However, this is not what we observed in Figure 3.18f, when the bias is
swept backward in the curve at the top of figure 18f. For this reason, one needs to take a closer look at
the negative side of the spectrum, where major inconsistencies were found. Here, and as shown by band
diagram in Figure 3.19b, the electrons are tunneling from the states below the sample Fermi level to
the STM tip. This process will induce further depletion of the already scarce valence band electrons. A
steady current imposes a continuous supply of electrons from the InP substrate. However, the depletion
region at the InGaAs/InP layer that becomes deeper with decreasing bias makes this process less
efficient. As a result, the InGaAs layer becomes positively charged which further increases the overall
downward band bending at the surface. The resulting charging widens the measured zero-conductance
region, since the transmission probability across the tunneling junction is reduced due to the width of
the depleted region at the surface of the InGaAs layer. At this point, it is convenient to determine the
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extent of charging effect by utilizing the lever-arm method. By dividing the correct value of the band
gap obtained by the two-tip measurements Eg = 0.81 eV (Figure 3.18c) with the value measured within
forward STS sweep Egs = 0.93 eV (Figure 3.18f), we find that the lever-arm is 0.86, meaning that part of
the potential applied across the junction drops into the semiconductor. However, the same
methodology cannot be applied for the backwards sweep (Eg: = 1.14 eV). The reason for this can be
found in the short raster time between the forward and backwards sweeps, which is responsible for
keeping the nanowire in the charged state. In specific, the recovery rate of the electrons which would
be transferred from the nanowire surface states to the unoccupied STM tip states is not quick enough.
Therefore, initiating subsequent electron extraction at negative bias will lead to the further increase of
positively charged surface states and even more pronounced downward band bending, as shown in
Figure 3.19c. Finally, upon reaching positive values of bias voltage the system will rapidly discharge
and the energetic positions of InGaAs and InP conduction band edges will remain unchanged. This is
important, as it allows us to apply the lever-arm correction to the voltage where change of slope was
observed and in such a way deduce an accurate value for the conduction band offset of 210 meV.
Employing the same methodology to the plateau observed at negative bias (-0.7 eV in Figure 3.18(f))
we have also calculated a valence band offset of 400 meV. A convenient way to crosscheck these values
is to apply the lever-arm correction also to the measured energy separation between the InP conduction
and valence band edges (Egz = 1.65 eV), which in our case yields a value of 1.42 eV, in agreement with
the InP band gap.
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3.4.2 Charge transport in the Ino.s3Gao.47As cross-shaped nano-heterostructure

Both two-probe and four-probe methods were utilized to measure the charge transport in Ino.s3Gao.47As
cross-shaped nanowires on InP. As it was mentioned in the instrumental chapter of this thesis, two-
probe measurements are usually a more convenient approach to obtain some preliminary information
about the nano-subject of the study. In addition, just based on the fact that most of the nanowire-based
electronic devices are designed with two-terminal layout (source and drain electrodes), the
investigation of their intrinsic electrical properties in a comparable to real-life setup is also crucial for
their future applicability.[272] Therefore, we will start this section with the results obtained for the
two-probe configuration. Then, to eliminate the variable nature of the contact resistance in the
measurements, and obtain a truthful picture of the transport properties at the nanoscale, the four-probe
configuration will be considered.[273]

3.4.2.1 Two-probe configuration

The initial study of transport properties was performed with the two-tip technique. In a one-by-one
manner, each of the tips would be automatically approached within the tunneling distance from the
nanowire (001) facet. The approached tips would be stabilized whilst in tunneling regime and once
attained, the tips would be manually brought closer towards the sample surface until the contact is
established. The utmost caution is needed for this step, in order to avoid any damage to the surface
reconstruction, but also to the contacting probes.
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Figure 3.20 Charge transport measurements in two-tip configuration. (a) I(V) characteristic measured
between two W tips connected to the Inos3Gao47As (001) surface of a nanowire and separated by a
distance of 1um. (b) Schematic energy band diagram showing the band alignment at the interface
between a W tip and a Inos3Gao47As nanowire grown by selective area on a p-type doped InP (001)
substrate.
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With secure contacts in place, the sample would be disconnected from the ground (floating
configuration) and the charge transport measurements could be performed. The voltage ramp would
be applied to one of the two tips, which were kept at the constant distance of 1 um, while the other tip
would be set at 0 V and thus, act as a ground. In this configuration, the current will flow along the path
of the lowest resistance between the two STM tips.

The results of this experiment are presented in Figure 3.20a. At this point it is worth mentioning that
the bias voltages are defined in reference to the grounded sample, i.e. the unoccupied states are probed
at (V) being negative. The I-V characteristics near the zero-bias point (Fermi level) exhibited a typical
rectifying behavior. The initial non-zero current region at negative side of the spectrum is linked to
steady charge injection into the conduction band of InGaAs, for reference please consult the energy
band diagram in panel (b). However, upon increasing the voltage to -0.58 V, additional features can be
seen. At this point, the electrons are efficiently injected from the STM tip to the InP substrate below the
nanowire and thus, a new channel is opened, as indicated by a sudden change of slope in current. This
is prompted by the fact that the electron affinity of Inos3Gaos7As is 4.5 eV[274] and that the
workfunction of clean tungsten is also 4.5 eV[275]. Hence this material combination is suitable for the
formation of an ohmic contact, as the Fermi level position will be at the bottom of the conduction band.
As a result, the electron barrier height is negligible in this system, yielding an ohmic contact between
tungsten and the clean and well-ordered Inos3Gao47As (001) surface. On the positive side, the I-V trace
begins with a region where no current is detected, followed by a steeper slope in current if compared
to negative side, which is linked to the transport through InGaAs valence band.

This zero-current region, with significant level of noise, corresponds to the energy range of the
forbidden gap of InGaAs. However, due to the p-type doped InP substrate, the downward band bending
make valence band states available before the Fermi level of the tip reaches the top of the valence band
at the surface of the nanowire. Indeed, the electrons can tunnel through part of the InGaAs material.
Therefore, the width of the zero-current is smaller than the band gap of Inos3Gao.s7As (0.82 eV at 5K)..
While the two-probe method does not provide a direct access to the band offset and requires
simulations of the current, this experiment shows that an ohmic contact is achieved between W tips
and the clean and well-ordered InGaAs (001) surface.
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3.4.2.2 Four-probe configuration

The variable distance DC electrical measurements of Ino.s3Gao47As cross-shaped nanostructures were
carried out with the Omicron VT-Nanoprobe system. As mentioned above, regardless of the type of
contact (Ohmic or Schottky), the four-probe configuration allows for accurate measurements of the
sample resistance because it circumvents any influence of contact resistance.
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Figure 3.21 Probe-spacing dependence of the resistance of a Inos3Gaos7As cross-shaped nanowires
measured at room temperature by four independently driven STM tips in contact with its (001) facet.
(a) V-1 curves at 5 different probe spacings x = 1 um; 0.6 pm; 0.45 pm, 0.3 pm and 0.15 pm. The inset of
the panel shows a SEM image of the four tips (T1, T2, T3 and T4) which were placed in a line
configuration. Three colored regions highlight the transport through the bulk of the nanowire (yellow),
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its surface states (green) and the substrate (blue). (b) Resistance vs. probe separation plot deduced
from the linear fits of the segmented V-I curves in panel (a).

The layout which was used in this experiment involved two outermost probes contacting the nanowire
to have voltage applied between them and thus be utilized as source and drain electrodes. In the
following text they are denoted as T1 and T4, respectively. Whereas for the remaining pair of inner
probes, they were set at high impedance (T2 and T3) and used for voltage sensing. The inset of Figure
3.21 shows the positioning of the probes. The separation (s) of 1 um between the T2, T3 and T4 was
kept constant throughout the measurements, while the position (x) of the current sweeping probe (T1)
was being varied from 1 pm to 0.15 pm apart from the T2. The data points recorded for five different
values of x are presented in Figure 3.21a and show three clearly distinguishable linear zones of charge
transport which are marked by dotted lines. The potential drop across the two zones at the far ends of
the probed positive and negative current appears to be low and comparable throughout the series.
However, the two are separated with the zone at negative values of current where there is a strong
deviation of the potential drop with the change of probe separation. This is also clear from the values
of the four-probe resistances in Figure 3.21b which are given by the gradient of the V-I curves (R** =V
/ 1). In order to understand the origin of this behavior, it is necessary to list all the possible paths for an
electron to take between T1 and T4.

The three linear segments were linked to charge transport taking place via the nanowire surface states,
the nanowire bulk and the InP substrate, as illustrated by the 2D and 3D schematics in Figure 3.22. The
nanowire itself is not intrinsically doped, yet the highly doped substrate artificially p-dopes it, as
discussed before. As a result, injecting electrons inside of it, should result in a low potential drop (low
resistance, Rnw). In contrast, the electron extraction process is expected to be difficult due to the low
carrier density. However, one should not neglect the contribution of the surface current, a consequence
of its (2 x 4) surface reconstruction and presence of missing atom/adatom defects. The surface states
are the shortest physical path between the tips, but they can be quickly saturated as the electrons are
extracted, resulting in high measured potential drop (Rss). And lastly, at certain value of the voltage the
electrons can be extracted from the InP substrate below. To determine the conductivity of each of the
three channels in linear non-equidistant four-probe configuration the following relations were
used[199]:

4p _93_0[1 1 1 ] 3.9
Rap(s,%) = 2 lx  2s s+x (3-9)
4P (e o = PZ_D[ (§>_ s ] 3.10

R5p(s,x) = o In " 1n(x+s) (3.10)
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Figure 3.22 The 2D and 3D schematical representations of the Ino.s3Gaos7As cross-shaped nanowire
valence band when negative values of current are probed in four-probe configuration: (a) the tips are
positioned to be equally spaced from each other and (b) when the source probe (T1) is brought in close
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vicinity of the neighboring potential probe (T2). The two out of three axes are dimensional and indicate
nanowire thickness and probe separation along it, while with the remaining vertical one, the polarity
of the source probe is depicted. The InGaAs and InP valence bands are presented in pale yellow and
blue, while the three possible carrier paths are indicated with dashed blue, yellow and green lines for
Rmp, Rnw and Rss, respectively. The spatial extension of the tip-induced band banding (TIBB) is
illustrated by the color gradient from dark brown to light pink. VBO stands for valence band offset
between the two materials and AV is the measured potential drop.

For the transport through the InP substrate and the nanowire, at the equidistant tip position of 1 pum,
the Eq. (3.9) yielded the conductivity of 0.089 S/cm and 0.361 S/cm, respectively, while with the
Eq.(3.10) the surface conductivity was calculated to be 3.67 x 10-> S/cm. Making a simple estimate of
the conductivity of 500 nm-wide and 20-nm thick InGaAs nanowire, for the highest possible carrier
concentration (3 x 1018 cm-3) and deducing the minimum of the resistance expected for the equidistant
probe separation one obtains 1.73 x 105 (, a value far greater than the one obtained experimentally.
Therefore, in our 3 channel-layout, the resistance of the nanowire can be neglected. Furthermore, using
the Eq.(3.10) to extract the conductivity of the resistance channel at 150 nm probe separation at
negative current, one obtains 2.3 x 10-#S/0, a value comparable to the surface conductivity (1.6 x 10-4
S/o) of Inos3Gaos7As quantum well.[267]

With each of the electron paths identified, the probe separation dependence can be explained as follows.
The increase of the negative current leads to a larger depleted region around the source, due to the
saturation of the surface states. As illustrated in Figure 3.22a, this localized tip-induced band bending
will not be detected when the separation between the tips is large enough. However, bringing the source
probe closer and closer to the neighboring voltage sensing probe will result in the measurements of the
accumulative voltage drops, but only up a certain saturation point which stays constant even with the
further decrease of (x) below 300 nm, see Figure 3.22b. Since the measured voltage drop reflects both
the variation of the electrostatic potential and local carrier concentration, when another channel is
opened the strong deviation should dissipate. Interestingly, in our case the point of saturation was
consistently measured to be around 350 meV, which is slightly smaller than the previously measured
value for the valence band offset, using the single tip STS method described above. Indeed, exceeding
this potential barrier results in additional electrons being transferred from the InP substrate to the
InGaAs nanowire region located under the source probe.
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3.5 Conclusions

In this work we have shown the ability of a combined SPM techniques to accurately measure
band offsets in planar substate-based heterostructures, in correlation with structure morphology.
Together, SEM, AFM and LT-STM measurements were used to address the morphology of various
Ino.s3Gao47As selective area grown 1D nanostructures on InP (001). The initial SEM study served
purpose to identify, classify and select the nanostructures which were later a subject of the SPM
measurements. The overall morphology of the planar nanostructures which were comprised of
nanowires extending along [110] and [1-10] directions was investigated with AFM. The images
resulting from this study revealed that the hydrogen assisted MBE growth has excellent selectivity with
respect to the SiOz mask and a large-scale nanostructure reproducibility. In addition, a strong
dependence of the shape of the nanostructure with respect to its orientation on the surface was
observed. The data obtained from the detailed AFM analysis of the non-homogeneos profile of the top
(001) nanowire facet was modeled in order to obtain values of the surface diffusion length. The surface
migration of the group Il adatoms from the nanowire sidewalls towards the edge of the structure was
hindered across [1-10] direction. Perpendicular to that (across [110] direction) the diffusion length was
determined to be 110 nm. This description of the precursor dynamic was in a good agreement with the
follow-up LT-STM study, as it revealed the As-rich (2 x 4) (001) surface reconstruction, which, due to
the asymmetry of the dimer rows, give rise to anisotropic diffusion lengths. Next, the electronic
properties of these nanostructures were investigated. The single- and two-probe LT-STS study was
used to accurately measure conduction and valence band offsets at the Inos7Gao43As/InP
heterointerface, with the former being 210 meV and the latter 400 meV. The combined capabilities of
two- and four-probe contact measurements gave us the information about the carrier transport
properties in these nanostructures. It was determined that the tungsten probes form an ohmic contact
with the InGaAs nanowires, while the carrier transport is governed over three possible channels,
through the bulk nanowire (0.089 S/cm), through the nanowire surface (3.67 x 10-> S/cm) or through
the p-doped InP below (0.361 S/cm). The voltage threshold at which the lasty mentioned channel
becomes accessible to the carriers was measured to be around 360 meV, further confirming the
previously obtained value for the valence band offset.

Altogether, our results establish this methodology as an effective experimental platform to study the
atomic scale topography and nanoscale electronic properties of the 1D semiconductor nanostructures.



114 Chapter 4 Quantum confinement and band alignment in CdSe NPL-based heterostructures

Chapter 4. Quantum confinement and band alignment in CdSe NPL-
based heterostructures

4.1 Introduction

With the clear goal of investigating the effects of band-alignment in conjunction with quantum
confinement in one-dimensional nano-heterosystems, we have expanded our research towards
nanostructures obtained by the means of colloidal synthesis. This allowed us to go beyond, or better
yet, below the technological size limit of the selective area grown nanostructures (< 40 nm), while
retaining high shape-control and structure quality. This has been made possible, since over the past
two decades the field of colloidal semiconductor-based nanocrystals has been experiencing a steep
upsurge. The growing interest can be found equally present in both academic and industrial sectors,
while its main fueling agents are tunable, scalable, and cost-effective synthesis coupled with wide range
of potential applications in optoelectronics. First, synthesis utilizes the flexibility of the colloidal
chemistry to vary nanocrystal size, shape, and composition at a detailed level, and consequently their
chemical and physical properties. Then, this field of research exploits those newly designed traits for
the design of future devices, such as light emitting diodes, lasers, bio-sensors etc.[276]-[278]

As previously mentioned in the introductory part of this thesis, the nanostructures of such a small
dimension are expected to exhibit the signs of quantum confinement effect. To whichever extent it is
present, it will be directly reflected through heavy modification in the band structure of a given
material, as previously observed in the case of quantum dots[279] and quantum rods[280]-[282].
Therefore, even the slightest morphological changes will have influence on the optical and electronic
properties of certain geometries. This is the main reason why CdSe NPLs stand out among other Cd-
chalcogenide-based colloidal nanostructures as the thickness of these nanocrystals can be tuned with
atomic monolayer precision. However, prior to the design and study of heterointerfaces, one should
firsthave a good grasp on the properties of each of its constituents. For example, there has been a strong
belief that CdSe NPLs have electronic properties of a quasi-two-dimensional quantum well.[283], [284]
Yet, optical absorbance, luminescence, and excitation spectroscopies have been mostly used to study
these types of systems. Therefore, having to question and reevaluate their true electronic nature, we
have moved from optical spectroscopies, which involved electron transitions between two levels,
towards probing the density of states in the valence and conduction bands. This task demanded a
scanning tunneling spectroscopy study, as it can probe the complete density of states in the absence of
selection rules. We focused on CdSe NPLs deposited on a gold substrate and investigated their
electronic structure as a function of their thickness, spatial configuration, and temperature.
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4.2 Growth of CdSe NPLs

When it comes to wet chemistry synthesis of various nanostructures, the choice of materials has
been mainly limited to II-VI group (CdSe, CdS, CdTe), owing to the difficulties in controlling growth and
nucleation kinetics of III-V semiconductor-based systems (InP, InAs).[285] Nonetheless, this did not
hinder the development of the novel synthesis protocols of metal chalcogenides semiconductors,
yielding a plethora of nanostructures of various dimensionalities and geometries, in return opening the
possibility to fine tune their physical and chemical properties. From the synthesis point of view the
most prominent nanostructures are zinc-blende colloidal NPLs due to their anisotropic growth. This
property allows for exceptionally fine control of their size and thickness. As the latter can be defined by
the integer number of atomic monolayers, the nomenclature commonly used to describe these systems
is defined as follows: N - Acase / 2, where N is an integer and Acase is the CdSe lattice parameter for the
zinc-blende crystal structure.[283] For example, the nanoplatelet comprised of three, four and five CdSe
MLs will have thickness of around 1.06 nm, 4.5 MLs (= 1.37 nm), and 5.5 MLs (= 1.67 nm),
respectively.[286], [287] However, in literature, it is common to find thicknesses expressed with an
additional half integer number accounting for one more additional Cd-terminated plane.

In the following paragraph, the step-by-step synthesis procedure of one of our samples will be used to
explain growth kinetics of these nanostructures. The sample in question is the 5.5 monolayer-thick
CdSe nanoplatelets and the synthesis was performed using the protocol reported by Singh et al[138].
In general, synthesis of ZB NPLs can be sectioned into three parts. The first part involves the formation
of seed particles from the precursors, the second one is associated with the growth of the nanoparticle
and its lateral extension and finally, the third, which is nothing but the purification of the final product.

1st step: Cadmium myristate (0.340 g) and 25 mL of 1-octadecene (ODE) were degassed under vacuum
in a three-neck round bottom flask. Following this, the temperature of the flask was raised to 250 °C
under an inert atmosphere and 0.024 g of Se dispersed in 1 mL of ODE was swiftly injected into the
flask. Here, abiding to the standard colloidal synthesis formula, Cd-precursor and Se powder are the
main reactants which will fuel the formation of the seed particles, while the ODE acts as a solvent and
ensures homogeneous reaction medium in which the precursors are soluble. The degassing step under
vacuum and higher temperature is done to remove any atmospheric water trapped in the system. This
is important, since the stoichiometry of the precursors controls the lateral extension and overall shape
of the grown NPLs, as it was well demonstrated in the publication by Guillaume H. V. Bertrand et
al.[288]

2nd step: A minute later, cadmium acetate (0.240 g) was introduced. The reaction was left to proceed
for 6 min at 250 °C, after which 1.5-2 mL of Cd-oleate, preheated at 100 °C, was injected. Achieving a
parallelepiped from a cubic structure requires inequivalent growth kinetics among different
crystallographic surfaces. The growth kinetics are determined by temperature, facet surface energy and
the type of ligands. With the injection of Cd-acetate the reaction which facilitates selective anisotropic
growth by lateral extension of the NPLs is triggered. This occurs due to differences in energy required
to create a full top or bottom facets and the energy needed for the formation of an extra layer on the
side facets, which results in vastly different lateral and vertical growth rates.[289] A fully grown CdSe
NPL is comprised of integer number of alternating Cd- and Se- atomic planes stacked together in the
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[001] direction, while the outermost uncoordinated atoms are passivated with oleate ligands. This
passivation is accomplished with the addition of Cd-oleate which stops the reaction by blocking all the
remaining reaction sites.[290]

3rd step: The heating mantle was removed immediately after this, and the solution was allowed to cool
down to 50 °C. After the synthesis, the reaction product was suspended in n-hexane and ethanol and
subjected to centrifugation. The orange-red supernatant was discarded, and the precipitate was again
suspended in n-hexane and centrifuged. This time the precipitate was discarded, while the supernatant
was collected and diluted in n-hexane for future characterizations. For the synthesis of thicker NPL
(above 3.5 ML) it is likely to have the presence of spherical quantum dots as by-products. The first
purification cycle separates these from the nanoplatelets by using n-hexane and ethanol mixture. It has
a role to suspend the NPLs, while the second acts as an anti-solvent. The second purification cycle is
performed to remove any unreacted Cd-acetate from the final product.

Synthesis of 7.5 ML-thick NPLs:

This NPL population was synthesized by the protocol given in ref. [291] Here, 170 mg of Cd-myristate
(0.3 mmol), 24 mg of Se powder and 15 mL of ODE were mixed in a 50 mL three neck flask and degassed
under vacuum at 120 °C for one hour. Then the mixture was heated under argon flow, with the
temperature set at 240 °C. When the solution turned deep orange (around 220 °C), 90 mg of Cd (Ac)2
powder was added. The reaction was then maintained at 240 °C for 10 minutes. The mixture was
subsequently heated up to 315 °C. Then, 1 mL of cadmium chloride/cadmium oleate solution was
injected and the reaction was maintained at the same temperature for 2 hours.
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4.3 Bare cadmium-selenide nanoplatelets

On the path towards attaining a good knowledge of the physical and chemical nature of colloidal
NPLs, achieving a tunable and reproducible synthesis is only the first step. The next challenge is to
perform reliable and accurate measurements of the NPLs, either in a stand-alone configuration or
within an ensemble. For this reason, sample preparation is crucial. Dispersed in a solution or deposited
on a substrate, CdSe NPLs can adopt one of the two stable spatial configurations. The first one involves
individual NPLs lying flat on the given substrate, while the second entails multiple NPLs to self-
assemble into long domino-like stacks. In practice, this is achieved by drop-casting or spin-coating, or
even the combination of both. For the final purpose of investigating the electronic properties of these
nanostructures, we have deposited NPLs of different thicknesses on a gold substrate and investigated
in great detail the morphology of a single NPL or ensemble of them, using LT-STM. To have a complete
picture, this comprehensive study also included other complementary techniques such as atomic force
microscopy (AFM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM).

Sample preparation procedure:

In our LT-STM experiments, we have focused on two NPL populations capped with oleate ligands having
intended thicknesses of 5.5 ML (d 55 =1.67 nm) and 7.5 ML (d 7.5 = 2.25 nm). Sample preparation was in
large part the same for both populations. NPL that were suspended in the hexane solution were drop-
casted directly from the solution onto the gold substrate. This substrate was found to be suitable for
the follow-up LT-STM measurements due to its high conductivity, purity, and relatively low roughness.
The number of drops was determined empirically to achieve appropriate concentration of the
nanocrystals on the surface. Once each drop contacted the sample, it was swiftly dried away using
nitrogen flux in order to avoid the formation of water emulsions on the surface. However, due to the
presence of organic residues in 7.5 ML NPL batch an additional purification step was required. Once the
NPLs were transferred to the substrate, the whole sample was slowly immersed into the
dichloromethane (highly volatile organic solvent) bath for couple of seconds and subsequently again
dried with nitrogen.

Before fully committing to the LT-STM measurements, it is always a good practice to have preliminary
evaluation of the sample quality done with less arduous techniques, such as absorption and
photoluminescence spectroscopy, scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and atomic force microscopy (AFM).

Absorption and photoluminescence spectroscopy:

In Figure 4.1a, the absorption spectra recorded at room temperature is shown. This study revealed two
typical resonances corresponding to transitions between the electron and either light or heavy holes.
Concerning the PL spectra recorded at RT and shown in Figure 4.1b, it is characterized by a single and
sharp Lorentzian line where the maximum energy is compelled by the NPL thickness (2.1 eV for 7.5 ML
and 2.35 eV for 5.5 ML species). It might be worth mentioning that our nanoplatelet samples did not
consist of a single thickness population within one batch. As it is often the case, colloidal synthesis of
these nanocrystals yields a rather sharp distribution of multiple populations in one suspension.
However, with the increase NPL thickness of the dominant population this distribution broadens, which
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is also evident from our PL spectra acquired from 7.5 ML batch, where there is an evident, yet miniscule
presence of 6.5 ML (peak at 2.13 eV) NPL species. Nonetheless, for our experimental purpose, this effect
can be neglected. The PL study at cryogenic temperature (4.2 K), revealed two additional bits of
information. First one is tied to the fact that the NPLs exhibits a characteristic emission doublet for both
populations. Whereas for the second, the small bump extending in the energy range below the band gap
energy indicates the presence of the trap states. Far more detailed discussion of the NPL optical
characteristics will be given later down in this chapter. However, at this stage, these results serve
purpose to substantiate the sample identity and its adequate levels of purity and homogeneity for the
follow-up STM experiments.
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Figure 4.1 Preliminary evaluation of the sample quality of bare CdSe NPLs by means of optical
spectroscopy. (a) Absorption spectra, and (b) photoluminescence spectra of 5.5 ML (red) and 7.5 ML-
thick (blue) NPLs acquired at room temperature. (c) Photoluminescence spectra at T = 4.2 K of 5.5 ML
and 7.5 ML NPLs drop-casted on glass substrate. The PL spectra are offset for clarity. The dashed line
indicates the baseline for 7.5 ML NPLs. The contribution of 6.5 ML NPLs in the PL spectrum is enhanced
by a factor of 6 for clarity. The arrow indicates the deep trap emission in the PL spectra of 5.5 ML NPLs.
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Scanning and transmission electron microscopy:

The TEM measurements were done on both NPL species just after their synthesis, whereas SEM images
were taken after sample preparation procedure. Analysis of the TEM data revealed that both NPL
species have overall rectangular shape, but of different planar dimensions: 21+2 x 7+1 nm? for the 5.5
ML-thick NPLs, and 48+3 x 9+1 nm? for the 7.5 ML species, as reported in Figure 4.2. In terms of sample
homogeneity, the TEM histograms lead to similar conclusions to the ones of optical spectroscopy. It also
appears that both populations prefer to self-assemble into stacks on the TEM grid.
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Figure 4.2 TEM morphological study of both 5.5 ML (red) and 7.5 ML-thick (blue) CdSe NPLs, including
their respective images and statistics of the length and width.

After the samples have undergone the above-described preparation procedure, the quick SEM check
was performed (see Figure 4.3). As expected, on the gold substrate the 5.5 ML-thick NPLs (inset (a))
preserved the predominantly stacked configuration, consistent with the TEM study. Whereas for the
7.5 ML NPL species (inset (b)), this was not the case. Even though, the purification process itself could
have been deemed a success since no organic residues were observed, it is clear that their preferential
spatial configuration was severely affected. After the deposition, all of the NPLs appear to be lying flat
on the surface.
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Figure 4.3 SEM images of (a) 5.5 ML-thick and (b) 7.5 ML-thick NPL populations after they have been
drop-casted onto the gold substrate.

Atomic force microscopy:

In order to gain more depth perception, the same samples were further investigated with AFM. First
off, the 5.5 ML NPL sample, see Figure 4.4a. With measurements performed on microscopically different
areas, we have statistically confirmed that the presence of NPL stacks on the surface was much more
dominant than the flat-lying individual nanocrystals. Regarding their dimensions, the NPL stacks
appeared to be around 9 nm-tall and 40-nm wide, while their length could range up to even couple of
hundreds of nanometers. It is clear that the width of the stack, which actually corresponds to the length
of the individual NPLs far exceeds the values measured by TEM. This is also true for the height of the
stack, which would translate to the single NPL width. To explain these observations, there are some key
points to consider in both horizontal and vertical direction. To begin with, it should not be overlooked
that the each individual NPL is effectively imbedded in the ligand layer, comprised of oleate molecules
which are approximately 2 nm in length.[292] Next up, one should take into account the tip convolution
effect and the consequent lateral broadening of the structure. Even then, the measured 9 nm in height
does not match the expected 11 nm corresponding to twice the length of ligand molecules and the width
of the NPL (7.1 nm). For this, the contact nature of the AFM technique is at fault, as the probe can induce
the ligand compression or their mechanical stripping on the exposed side of the NPL. Regardless of the
slightly inaccurate values of the measured dimensions, these measurements provide a good
preliminary indication that the 5.5 ML-thick NPLs have their longest sides in contact with the surface
whilst being in the stacked configuration. Now, concerning the sample containing 7.5 ML-thick NPLs,
what was previously seen with the SEM was now also confirmed with AFM. The individual NPLs were
found randomly distributed all over the gold substrate, as it can be clearly seen in Figure 4.4b. In
addition, the concentration of both 5.5 ML and 7.5 ML NPLs was found to be appropriate for the follow-
up LT-STM measurements. Finally, the surface morphology of the gold substrates appeared to be grainy,
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but still quite flat with the surface roughness measured to be in the order of couple of angstroms, much
lower than the NPLs thickness.
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Figure 4.4 AFM study of (a) stacked 5.5 ML-thick NPLs and of (b) isolated 7.5 ML-thick NPLs, after both
populations have been drop-casted on the gold substrates. Each of the images is supported with their
height profiles taken across the path indicated by the blue rectangles.
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4.3.1 STM investigation of the structure morphology

The morphological STM study at 77K and 5K of both NPL populations was performed, and in the
following the main results of this experiment are presented.

4.3.1.1 LT-STM on 5.5 ML-thick NPLs

In Figure 4.5, a large STM overview of the 5.5 ML NPL sample is shown. Similar to the SEM and AFM
images in Figure 4.3 and Figure 4.4, the surface seems to be covered with randomly distributed NPL
stacks. These appear as elongated features with brighter contrast on the images and have apparent
height of 10 nm. Statistically, even though their presence is scarce, individual flat lying NPLs can still be
found on the surface.
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Figure 4.5 Surface overview of 5.5 ML-thick NPL sample recorded at 77K. (a) A large STM image
showcasing multiple NPL stacks self-assembled on the surface with corresponding height profile in (b).
Feedback parameters: Vsample = -5 V, Isetpoint = 0.01 nA.

STM on individual flat lying NPLs

The topographic LT-STM study was conducted on individual 5.5 ML-thick NPLs in the configuration
illustrated in Figure 4.6a. The 3D STM image in the panel (b) shows the scanned area of the gold

122



Chapter 4 Quantum confinement and band alignment in CdSe NPL-based heterostructures 123

substrate containing two bright protrusions which are linked to two individual NPLs lying flat on the
surface. Due to the presence of ligands, unless a “just approached” STM probe is used, the only way to
obtain images in which the NPLs are clearly resolved was to scan the surface with exceptionally low
values of setpoint current and scanning speed, and quite high applied bias voltage (|V| > 4V).
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Figure 4.6 STM investigation of individual NPLs lying flat on the gold substrate. (a) Schematics of single
flat lying 5.5 ML-thick NPL. (b) 3D STM image of two individual 5.5 ML-thick NPLs. Feedback
parameters: Vsample = -1.5 V, Isetpoint = 0.005 nA. (c) Schematic representation showcasing a close-up look
at the flat lying NPL structure in the vertical direction with respect to the substrate. Objects in the
schematic are not in scale.

The reason for this is that the ligands that are used to passivate the NPLs showed a strong tendency to
interact with the STM tip. Hence, by increasing the bias voltage, the tip-NPL distance is increased and
consequently, the probability of interaction lessened. Sadly, this also has a negative impact on the
resolution, which in combination with mechanical instability of nanocrystals results in them having
slightly larger and more roundish appearance, instead of the rectangular one. From the height profile
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taken across the NPL, we can conclude that the apparent height is measured to be 5.5 nm. If the
convolution of the STM tip is taken in consideration, this value corresponds well to the thickness of the
NPL (1.65 nm) and twice the value of longitudinal extension of oleate molecules (2 nm). These results
also give an indication that the oleate ligand attached to the Cd-terminated NPL facets are quite robust
to UHV conditions.

STM on multiple NPLs stacked up together

In this section our findings from the LT-STM investigation of the NPL stacks (illustrated in Figure 4.7a)
are reported. High resolution LT-STM image as shown in Figure 4.7b, was acquired on the top of the
NPL stack at 5 K, where one can clearly see individual NPLs well resolved within the ensemb]e.
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Figure 4.7 (a) Schematic representation of the NPL stack. (b) High-resolution LT-STM image of four
individual 5.5 ML-thick NPLs forming a stack. Vsample = -5 V, Isetpoint = 0.01 nA. (c) Height profiles acquired
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across the edge of the NPL stack (top panel) and on top of it in the longitudinal direction (bottom panel).
(d) Schematic representation showcasing the space between two adjacent NPLs within a stack.

This is made possible, since NPL stacks are much more stable on the surface, due to their larger
collective dimensions. From the profile in the top panel in Figure 4.7c, the height of stacks was
measured to be 11 nm. The 1 nm height discrepancy between the STM and AFM profiles is linked to the
non-contact nature of the STM technique (lack of compression of the ligand molecules).

This value is certainly in a good agreement with the prior AFM measurements (a non-contact technique
this time around) and corresponds well with the width of the NPL, including the thickness of the ligand
layers on the NPL edges. From here, we can conclude the NPLs form columnar ensembles, by stacking
together face-to-face, while resting on the substrate on their longest side. In this configuration, NPLs
are stabilized together with van der Waals attraction forces originating from ligands.[276] This higher
level of stability allowed us to repeatedly scan in the direction perpendicular to nanoplatelets alignment
inside the stack and in such a way obtain height profiles taken along the direction indicated by the blue
line in the bottom panel in Figure 4.7c. The periodic corrugations of 4.3+0.1 nm correspond to four
individual NPLs within the stack. It might be noteworthy that this value is lower than the one measured
across the single NPL lying flat on the surface. Such difference clearly indicates that the chains of oleate
molecules of the two adjacent NPLs are interdigitated to some extent. However, the explanation behind
the clearly present periodicity (Figure 4.7b), derived from lobes of brighter contrast which follow the
path along the each individual NPL is still missing.
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4.3.1.2 LT-STM on 7.5 ML-thick NPLs

Due to the non-stacking of the 7.5 ML NPLs accredited to the additional purification procedure
described above, their STM imaging proved to be much more challenging. Their small dimensions and
altered surface chemistry, resulted in them being weakly mechanically coupled to the gold substrate
and thus, they would readily move during the scanning with the STM tip. One such example is shown in
Figure 4.8.
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Figure 4.8 STM image showing the topography of the area containing a single flat lying 7.5 ML-thick
NPL. The illustration in the inset of the figure is meant to highlight the movement of the NPL during the
scan.

Here, imaging a single flat-lying NPL is challenging for two reasons. Firstly, the NPL interacts with the
STM tip, changing its apex, which has an effect on the image quality. Secondly and more importantly,
the NPL moves between each line scan, resulting in an image which gives the impression that two NPLs
are present in the area, instead of one.
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4.3.2 STS study of the electronic properties

As discussed in the First Chapter, there are plenty of works which highlight a very promising potential
of colloidal nanocrystals for flexible device applications.[293] Yet, in order to take full advantage of such
opportunities it is essential to have good fundamental understanding of their optical and electronic

properties.
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Figure 4.9 Shape-band structure relation in the semiconductor colloidal nanocrystals (a) STS perform
at 4.5 K on single CdSe QD, top: [-V curve and STM image with its respective height profile; bottom: the
tunnelling spectrum obtained by digitally filtering and differentiating the I-V curve above. Figure
extracted from ref.[279] (b) Differential conductance tunneling spectra acquired from CdSe QRs with
different dimensions and STM image of 25 nm x 2 nm QR (inset). Figure taken and adopted from
ref.[294] (c) Schematic representation of CdSe NPLs of different thicknesses studied in ref.[295] (d)
TEM image 4ML-thick CdSe NPL (left) and illustration of the STS configuration with a NPL lying flat on
the substrate (right). (e) STM image of the NPL of same thickness (left) with height profiles (right) taken
across the paths indicated by blue and green line. (f) Differential conductance tunneling spectra of CdSe
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NPLs of different thicknesses (form 3ML to 7ML) acquired at RT. Insets (d), (e), and (f) taken and
adopted from ref.[296]

With this in mind, past studies have shown that optical and tunneling spectroscopies are two
complementary approaches which are suitable for this task. For the first, the allowed transitions
between CB and VB states can be investigated, while the other method is able to probe electronic states
without selection rules.[197] Such capabilities are necessary, as the density of states of a given colloidal
nanostructure will strongly differ depending on its shape. For example, in quantum dots, or artificial
atoms as they are commonly referred to, the potential is confined in spherical geometry and only
depends on the radius of the particle. The origin of such descriptive sobriquet can be found in the strong
quantum confinement which leads to full discretization of the energy levels into delta-function-like
states, resembling a hydrogen atom.[297] A good experimental example of this behavior could be seen
in the low-temperature STS (Scanning Tunneling Spectroscopy, more information in Chapter 2)
measurements performed by Jdira et al.[279] on individual isolated CdSe quantum dots of different
sizes. Some of the results of this study are presented in the Figure 4.9a. In the top inset the STM
(Scanning Tunneling Microscopy) image shows (left) an isolated, spherical CdSe QD resting on the
substrate. From the height profiles (on the right) the radius of QD is estimated to be around 3 nm. By
sweeping the sample bias from -3 V to 3V, all while measuring tunneling current an I-V curve can be
obtained. The curve in question exhibits step-like characteristics, with each of the steps corresponding
to the peaks in digitally obtained differential conductance (dI/dV) graph shown in the bottom inset.
Since dI/dV spectra gives direct insight into the density of states, the sharp peaks at negative and
positive sample bias can be identified as the discrete hole and electron QD energy levels in valence and
conduction band, respectively. However, if the quantum confinement is liberated in one of the three
directions the electronic features differ. In Figure 4.9b, the results of STS measurements on CdSe
quantum rods of different dimensions are presented. Here, the diameter of the rod is loosely fixed below
3 nm, while the length was varied from 25 nm to 55 nm. In all cases, measured differential conductance
spectra did not show any significant variations in the band gap energy or any alternations of saw-tooth
shaped density of states. This band structure inertness to the changes in lengths which all far exceed
the CdSe Bohr radius of 5.7 nm, further highlights the quasi one-dimensional nature of these
nanostructures.[294] To demonstrate further weakening of the confinement, whilst keeping the
nanostructure composition the same, most of the literature will refer to the example of quasi two-
dimensional CdSe nanoplatelets (NPL). Even though these nanocrystals were intensively studied by
optical spectroscopies for more than ten years, [283], [298], [299] the STS measurements were still
missing.

Just recently, the paper was published by Ji et al.[296] which showcased the detailed STM and STS study
of CdSe NPLs of thicknesses ranging from 3ML to 7 ML as schematically presented in Figure 4.9c. As
stated before in Section 4.2, the thickness of these nanostructures is expressed in terms of the number
of atomic monolayers (e.g. 3 ML corresponds to ~ 1.1 nm, 4ML to ~ 1.4 nm, etc.) which build up the
structure in direction of its shortest dimension. For the STM and STS measurements, the NPLs were
drop-casted from a suspension onto the conductive substrates. Once on the surface the nanocrystals
could be found distributed randomly and lying flat on their largest facets (see Figure 4.9d, left). Hence
the proceeding STM and STS measurements were done in the configuration illustrated on the right in
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Figure 4.9d. After the NPLs would be located and identified by STM (see Figure 4.9¢), the dI/dV spectra
were acquired. The resulting curves revealed mostly 2D-like shape of density of states on both sides of
the zero-conductance region, but with a slight caveat on the positive side of the spectra. In specific, in
the conduction band the authors have observed sharp rises in the density of states terminated with
shallow dips (in Figure 4.9f) rather than plateau expected for typical quantum wells. This certainly
leaves some open questions in terms of dimensionality of these nanocrystals. Due to the disparities in
electron and hole effective masses, the quantum size effect could manifest itself differently for single
particles and electron-hole quasi particles, making the assessment of dimensionality of colloidal NPLs
far from a clear cut. In this regard, LT-STS measurements at 77 K and 5 K were carried out in order to
shed more light into the topic.

Our STS investigation involved both 5.5 ML-thick and 7.5 ML-thick NPLs deposited on the gold
substrate. However, only 5.5 ML-thick NPLs were probed in both spatial configurations (stacked and
individual NPLs), for the reasons stated in the previous sections. As the NPLs are completely covered
with ligands, depending on which configuration they are measured in, they can exhibit significantly
different behavior. From the carrier standpoint, the NPLs are effectively embedded within a dielectric
layer. Thus, the carrier path will feature two tunneling barriers, first between the tip and the
nanocrystal and the second between the nanocrystal and the substrate, effectively creating double
barrier tunneling junction (DBT]).

4.3.2.1 LT-STS on individual flat-lying NPLs

In Figure 4.10a, b, the dI /dV spectra recorded on the individual flat-lying 5.5 ML and 7.5 ML-thick NPLs
atboth 5Kand 77K are shown. The data reveal a zero-conductance region framed-in with the very sharp
peaks at positive sample voltages and a broadened one at negative, both caused by the tunnelling of
charge carriers through the NPLs. The measured apparent STM band gaps for 5.5 ML-thick NPL was 2.4
eVat77 Kand 2.97 eV at 5 K, while for the 7.5 ML-ones was 2.05 eV (77 K) and 2.17 (5 K). Clearly, there
is an inverse dependency of the width of the band gaps on the variations in NPL thickness and
temperature.

First it can be explained by the decrease of the interatomic spacing with the decrease of the
temperature, hence the potential seen by the electrons will be enhanced. While for the second, the
increase of quantum confinement will cause the similar result, in terms of the increase of the band gap
energy. However, to avoid any ambiguities with identification of the spectral features, the real band gap
should be justly evaluated. For this purpose, it is convenient to utilize the well-known concept of the
lever-arm. A detailed description of this concept is given in Section XY (Second Chapter).
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Figure 4.10 Tunneling spectroscopy of individual flat lying CdSe nanoplatelets on gold. (a) Scanning
tunnelling spectroscopy of a 7.5 ML NPL (top) and of a 5.5 ML NPL (bottom) measured at 77 K. (b)
Scanning tunnelling spectra acquired on a 7.5 ML NPL (top) and on a 5.5 ML NPL (bottom) at a
temperature of 5 K. The separation between the lowest peak in the conduction band and the highest
peak in the valence band, labelled e1 and hh respectively, is indicated.

Now in brief, the lever-arm is best described as the ratio between the potential drop across the
nanocrystal-tip junction and the voltage applied to the sample with the tip held at virtual ground,[198]
or:

E
H= —2— 4.1
e(V2, — Vi) 4
Here, n is the lever-arm, V}, and V;; are positions in energy of conduction and valence band edge peaks,
respectively. As it is the case for individual flat-lying NPLs, a large separation between the STM tip and
the NPL is responsible for the transmission probability across the tip-NPL potential barrier to be much
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smaller if compared to the NPL-Au junction. Therefore, the DBT] can be labelled as asymmetric. In other
words, the spectra were acquired at a distance where the bias voltage is dropped largely across the tip-
NPL junction, and thus, any effects associated with charging can be dismissed.[23] If considering the
relation where optical band gap is equal to the apparent STM gap minus the electron-hole attraction
energy and multiplied by the lever arm, 7.5 ML NPLs showed a good agreement with the previous
optical studies (2.1 eV), whereas the zero-conductance region of the 5.5 NPL was measured to be much
larger than the expected value. The explanation for this discrepancy is two-fold. On one hand, the
increase of the electron-hole attraction energy in the case of 5.5 ML NPLs can be accredited to the slight
divergence in growth procedure, while on the other the in-plane dimensions between the two species
naturally differ. More specifically, the larger 7.5 ML-thick NPLs were passivated with the combination
of oleate and chloride ligands, which certainly alters the surface chemistry. As a result, one should
expect the carrier transfer rate through NPL-Au junction to be more efficient as the width of the junction
is reduced due to the presence of the shorter ligands. Hence, for our samples, the values of the lever
arm are as estimated: for the 7.5 ML NPLs this number is close to 1, while for the 5.5 ML NPLs it is
around 0.85~0.80. Therefore, we can confidently claim that the zero-conductance region (null density
of states) gives access to the true information about the band gap of the semiconductor material in
question. By performing the sample voltage sweeps, the Fermi level of the tip was resonant with energy
levels of the nanocrystal which gave rise to the peaks in the STS spectra. Thus, the measured tunnelling
current at positive and negative sample voltages can be linked to conduction band (CB) and valence
band (VB) states, respectively. This, in fact indicates the truthfulness of the most important observation
from this experiment, which is tied to the shape of the DOS. For both NPL populations, the DOS did not
exhibit staircase-like form, a characteristic feature of 2D materials.

4.3.2.2 LT-STS on stacked up NPLs

In the Figure 4.11a, we present spectra acquired on the 5.5 ML-thick NPLs which are stacked together.
It is immediately apparent that the measured spectra are characterized by sequences of distinct peaks
on both sides of apparent bandgap. The width of the zero-conductance region is comparable to the one
measured on individual flat-laying NPLs. As the setpoint current is increased there is a noticeable
broadening of the zero-conductance region further confirming the asymmetric nature of the DBT]
system. Hence, one can safely assume that both electron and hole ground states contribute to tunnelling
current at positive (CB) and negative sample voltages (VB), respectively. However, it is noteworthy that
statistically not all NPL stacks exhibited the same behavior. For instance, in majority of the cases the
spectra revealed behavior as in Figure 4.11b where the zero-conductance region is measured to be
markedly narrower. In addition, the sharp peak position (V}) at the positive bias fluctuated as far as a
couple of dozens of meV with every consecutive spectrum acquired over the course of 30 minutes.
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Figure 4.11 Tunneling spectroscopy of CdSe nanoplatelets within self-assembly. (a) Scanning tunnelling
spectra acquired on a trap-free NPL within a stack measured at different setpoint currents as indicated
in the graph. Feedback voltage: Vsampie = -1.5 V. Arrows point to the shift observed with increasing
setpoint currents for the lowest peak in the conduction band and the highest peak in the valence band,
labelled el and h1 respectively. Inset: schematic of a stack of NPLs probed with a STM tip, where the
characteristic dimensions are indicated. b Scanning tunnelling spectra acquired on a stacked NPL
bearing a trap state at a constant setpoint current. Sequence of four differential conductance spectra
that were averaged over a few successive curves between charging and discharging events. Inset:
schematic of a stack of NPLs probed with a STM tip, where ligands are missing on the edge of the NPLs.
el indicates the position of the first electron subband, while the arrow indicates the highest trap state
in the band gap of the NPL. The curves are offset for clarity. Feedback voltage: -1.8 V.
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4.3.2.2.1 Temporal study of the I-V characteristics

For this reason, a thorough temporal investigation of the I-V characteristics was performed on the top
of the chosen NPL stack (see Figure 4.12a). Here, three sets of [-V curves recorded at different values of
setpoint current are presented.
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Figure 4.12 Evidence of the trap states in the I-V characteristics of stacked NPLs with a thickness of 5.5
ML. (a) Three sets of I-V traces taken at three different values of setpoint current. The curves have been
shifted vertically for clarity with the setpoint currents indicated for each set of traces. (b) Four examples
of three successive [-V traces showing the influence of charging and discharging events on the bias onset
of the positive branch in the I-V traces.
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Each set contains hundreds of traces, corresponding to consecutive voltage sweeps temporally
separated by the raster time of 10 ms. It is evident that there are large shifts of the features present
between different sets, but also between traces within a single set. However, from this study, two
important trends were unveiled. First, as the setpoint current is increased, the collective branch in the
[-Vs at positive bias shifts towards higher and higher values, evidencing a clear contribution of the
conduction band states. While the second trend is present in narrowing of the mean branch with
increasing setpoint currents. Both trends have been readily observed in DBT] systems, where carrier
in-and-out transfer rates are comparable, and as such create a favorable scenario for charging of the
nanocrystal. This is further supported by taking a closer look at the negative side of the spectra below
the Fermi level (0V). Between consecutive voltage sweeps, the tunneling junction seems to be
completely unaffected, since at negative voltages no charging takes place. . Conversely, at positive bias
during the next sweep, the discharging events occur. Such charging/discharging events can be
identified by the sudden raises/drops in the tunneling current as presented in Figure 4.12b. Altogether,
these results ruled out an intrinsic origin for the peaks seen at negative bias and instead point toward
the presence of states within the band gap of CdSe NPLs.
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4.3.2.2.2 Trap states in CdSe NPLs

For colloidal nanocrystals, it has been well documented that the main sources of in-gap states have been
surface trap states, caused by ligand displacement. If ligands do not effectively passivate the NPL
surface, trap-free bandgap scenario is highly improbable, due to unintended oxidation or reduction
processes that can occur during their exposure to air or during synthesis.

This is particularly true for the Z-type group of ligands, to which oleate molecules belong. As such, they
have ability to accept two electrons for the bond formation with under-coordinated surface atoms to
compensate the excess charge on NPL surfaces. The NPL facets are very well defined upon their
orientation with top and bottom facets being pure Cd (100) terminated and Se-rich (001) and (111)
side facets. Inherently, side facets have been shown to be more reactive and therefore, decorated with
more labile ligands. For CdSe nanocrystals, it has been recently predicted that selenium dangling bonds
at the surface of the nanocrystal would be the main source of electrical traps.[138] This can be clearly
seen by the models originating from these DFT calculations in Figure 4.13, where the incremental
displacement of the ligands first leads to formation and then the increasing number of in-gap states. On
this basis we can accredit low-intensity peaks localized around 0.5 eV below the Fermi level in our dI /
dV spectra to trap states.
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Figure 4.13 Atomistic and electronic structure of, from left to right, CdSe NPLs completely passivated
with cadmium-chloride, then with 10 and finally, with 22 sites stripped ofligands. The gradual stripping
of the ligands leads to formation of in-gap states marked with a black arrow. The figure is adopted from
ref.[138]

Since the NPLs are resting on their longest sides within the stack, the (001) side facets are the ones
exposed to the STM tip, which is certainly in line with the observations of in-gap states, or the lack
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thereof in the case of individual flat-lying NPLs. As expected, trap states significantly alter carrier
dynamics within the nanocrystal system, as shown by the schematics in Figure 4.14. In (a) panel, the
illustration represents the electron tunneling process from the NPL to the empty STM tip states at
negative sample bias.
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Figure 4.14 Energy-band diagrams of the double tunnelling junction with the NPL inserted in the middle
of the junction for different points of the STS voltage sweep: (a) at negative, (b) positive, and (c) high
positive sample bias. The widths of the NPL-gold and STM tip-NPL junctions are denoted with d1 and
d2, with conduction and valence bands being labelled as CB and VB, respectively.

This process entails electrons tunneling from the substrate to the nanocrystal followed by hopping from
one surface trap state to another until reaching the second NPL-STM tip tunneling junction. While at
positive bias, the electrons tunnel from the STM tip to the CB states of the NPL (see Figure 4.14b).
However, if the positive values of bias voltage are high enough the traps states will become aligned with
the Fermi level of the gold substrate, forming a favorable condition for the charging of the NPL, as
showcased in Figure 4.14c. Thus, the previously mentioned drops in current in Figure 4.12 can be
explained as follows: Starting with N excess of electrons, the NPL loses one electron and changes its
charge state to N-1. The resulting shift in voltage results in a larger portion of the conduction band
which becomes accessible for probing.
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4.3.2.2.3 Tight binding calculations

Now, with the width of the band gap validated, and with the type of charge transport explained, the last
remaining question concerned the unexpected divergence of the measured DOS from the expected 2D
character. To understand the origin of the spectral features in conduction band responsible for this,
tight binding calculations were performed by Christophe Delerue. This theoretical study involved
calculations of the conduction band structure as a function of all tree NPL dimensions. Beginning with
the variation of the thickness from 2.5 ML all the way up to 8.5 ML. The DOS of infinitely long NPLs is
presented in Figure 4.15a. Here, the NPL width was of 6 nm. The calculated DOS exhibited the
characteristic quantum-wire-like behavior with Van Hove singularities grouped within subbands. Also,
one of the signature consequences of the quantum confinement effect is on display here, in the form of
shifting the energy levels towards the higher energies as the thickness of the NPL is reduced. At this
point, it is safe to say that CdSe NPL are confined in two dimensions, instead of one as it was formerly
conjectured. Yet, what is the threshold of the weakening the confinement in the lateral dimension of the
nanocrystal, at which the DOS will resemble the one of quantum wells?

To answer this question, the calculations were extended towards the NPLs of again infinity length, but
this time fixed thickness of 5.5 MLs and varying widths (4 nm, 15 nm, 30 nm, and 60 nm). The results
of this study are presented in Figure 4.15b. Notably, there is a clear relation between the NPL widths
and the peak spacing. As the lateral confinement is decreased, the separation between two subsequent
peaks is reduced, which leads to DOS to gradually transmute into step-like function characteristic for
2D nanostructures with the increase of the NPL width. As it hits the 30 nm mark, the peak separation
reaches 25 meV. At this point, the NPL DOS clearly starts to resemble the one of quantum wells.
However, in practice these dimensions far exceed the ones of samples mostly studied in literature and
the one covered in our work. In Figure 4.15c, we have supplemented our investigation by also studying
the effects of the NPL length on the band structure. Interestingly, we have found out that by restricting
the longitudinal extension of the nanocrystals up to 20-30 nm, the DOS exhibits tinier fluctuations
between the previously recognized singularities.

As such, these results give us a valuable insight to where is the limit at which the electrons do start to
“feel” the borders in the last free-motion direction within this quantum-box. This is evident from the
calculated DOS, where upon reaching and surpassing the limit will result in more intense and far more
frequent oscillations, and finally conclude with vanishing 1D DOS in favor of an oscillating DOS. For the
one to one comparison of the theoretical and experimental DOS, we have selected NPLs, where tens of
successive traces were measured without any stepwise changes of the current at positive bias. In this
way, we avoided any charging / instability effects to have an influence on our final conceptions. Two
examples of spectra acquired on the stacked 5.5 ML NPLs are shown in Figure 4.15d. In both graphs,
one can clearly see sharp peaks corresponding to van Hove singularities with general, sawtooth-like
form. The energy separation between the follow-up peaks with decaying intensities, discards the
possibility of them being linked to polaron contribution of optical phonons (26 meV for CdSe). Instead,
the experimental DOS observed here indicates a large delocalization of the electron wave function in
the NPLs, where the boundaries of the NPLs act as potential barriers that laterally confine the electron
wave function.
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Figure 4.15 Theoretical conduction band density of states of CdSe nanoplatelets. a, DOS of infinitely long
NPLs with a width of 6 nm and varying thicknesses. b DOS of infinitely long NPLs with a fixed thickness
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of 5.5 ML and different widths. Due to the higher and higher number of states contributing to the DOS
for larger and larger widths, the calculation becomes quickly limited to the lowest states. c DOS of NPLs
with a thickness of 5.5 ML, a width of 4 nm and different lengths. d. Differential conductance of two NPL
measured at T = 5K (black) together with the tight binding calculation of the DOS (red) for a thickness
of 5.5 ML with L. = 30 nm and W = 5 nm. The curves are offset for clarity. Feedback voltage: -1.8 V,
setpoint current 100 pA.
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4.4 Extensive “pre-STM” study of CdSe/CdS Core/crown NPLs

With now a good understanding of electronic properties of bare CdSe NPLs, the logical
continuation of our work was to move towards CdSe NPL-based heterostructures. Based on the current
state-of-the-art of the colloidal synthesis, there were two main choices: core/shell and core/crown
architecture. In addition to the reasons mentioned in the first chapter of the thesis, few other factors
originating from the differences in structure morphology made this an easy decision. First and
foremost, the core/crown morphology allows for direct probing of the heterointerface with the STM
tip, as it is completely exposed on the largest sides of the nanostructures. Secondly, unlike in the case
of core/shell NPLs, the growth of the nanostructure is promoted only in the planar directions, which
has some additional benefits. Keeping the thickness (the direction of the strongest confinement)
uniform throughout the samples, effectively makes the quantum size effect an isolated parameter only
in the lateral directions. Another advantage is connected to the dimensions of these nanocrystals. In
particular, decreasing the size of the nanostructures to such small scales results in a more substantial
fraction of its atoms to be located at the surfaces/interfaces. Hence, the effects of faulty passivation or
material lattice mismatch are expected to become more prominent. Conveniently, the morphology of
core/crown CdSe NPLs hits just the right balance, since the above-discussed STM study has shown that
the Cd-terminated (100) facets are generally defect free. As a result, the inefficient passivation of the
other facets can only be improved, while still keeping as low as possible fraction of the NPL subjected
to heterointerface related defects. However, there is another benefit of working with CdSe NPLs, which
is tied to the recent breakthroughs in understanding of their optical properties. As it was previously
shown in Figure 4.1c, moving from RT towards low-temperature measurements NPLs will exhibit
additional emission line, whose origin has been a part of long debate in scientific community. Multiple
authors have tackled this question with obtaining vastly different conclusions. Among those, couple of
them stood out, such as phonon replica,[300] p- and s-state emission,[301] excimer-like emission,[302]
charged excitons (trions)[213], exciton substructure[303] etc. After a decade of intense research in the
field, its origin was finally unveiled in a very recent publication[304]. The authors of this paper have
turned towards optical spectroscopy measurements in high-magnetic field and in this way, they
managed to provide a definite answer to this question by linking high-energy line to neutral and low-
energy line to charge exciton emissions. This opened a possibility to exploit newly acquired knowledge
and extend the research towards the unknown, for example, on the effects of the crown size on the
optical properties of core/crown NPLs. Having selected the core/crown architecture and the core
material, the next point to address is to choose the material which will comprise the crown. For our
experiments we have opted for the combination of CdSe and CdS, as it exhibits characteristics
commonly associated with quasi-type Il band alignment (see top panel in Figure 4.16a). For instance,
previous studies have shown that due to the large valence band offset of around 500 meV,[42] the hole
wavefunction is localized in the core material and the electron is partially delocalized across the entire
core/crown system. Even though band alignment plays a crucial role in determining optical and
electronic properties of these nano-heterostructures, the exact values of both valence and conduction
band offsets are still largely unknown.[305] In the end, three different NPL-based samples which were
chosen for our experiments are schematically presented in the bottom panel of Figure 4.16b. These
include : 4 ML-thick, 4.2 nm-wide and 32.6 nm-long bare CdSe NPLs (Figure 4.16b) and two distinct
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nano-heterostructures that are comprised of the identical-sized 4 ML-thick CdSe NPLs as a core with
small CdS crown extending over 6.7 x 38.6 nm? (Figure 4.16c¢) and a large one, measuring up to 15 x 56
nm? (Figure 4.16d). Structurally, the increase of crown size is mediated by the lateral extension of the
CdS, while preserving the size and shape of the CdSe core. Following the same protocol as for the bare
CdSe NPLs, we have started by exploring their optical properties. However, our initial findings proved
to be quite interesting, which pushed our scope of research deeper towards magneto-optical studies, at
high magnetic field facility in Nijmegen, Netherlands.
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Figure 4.16 Three NPL samples used in this study with (a) their top-view schematic representations
(top panel) and simple band diagram of the heterointerface (bottom panel); further accompanied with
their respective TEM images: (b) bare CdSe NPLs, (c) small and (d) large-crown CdSe core/crown NPLs.

4.4.1 Influence of the crown size on optical properties

In principle, core/crown NPLs can be viewed as CdSe NPLs imbedded in larger CdS NPLs, since
the thickness of both materials is identical. This structural aspect was confirmed by the initial studies
of the optical properties of these nano-heterostructures where it was revealed that the exciton binding
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energies of the individual materials within the nanostructure are comparable to their known
standalone values. As a result one can expect that the increase in the thickness would reflect on the PL
emission as it does for the case of bare CdSe NPL, since the core/crown configuration, unlike core/shell
one, allows for the preservation of optical characteristics inherent to bare CdSe NPLs.[168] Yet, the
optical spectroscopy data in Figure 4.17 showed a different picture. Starting from the absorption
spectra in Figure 4.17a, which were recorded on small and large-crown samples. For both populations,
the spectra feature two sets of two absorption lines, corresponding to the light- and heavy-hole
resonances of CdSe and CdS. The heavy-hole peak positions for the small-crown NPLs were measured
to be 406 nm (CdS) and 509 nm (CdSe), whereas for the large-crown 406 nm and 514 nm, respectively.
There were some key observations which indicated the increase of the crown size with respect to the
fixed CdSe core. For example, the CdS absorbance measured on the large-crown sample is clearly higher
than the one for the small-crown NPLs. Also, the CdSe absorption line becomes slightly red-shifted as
the crown size is increased, due to a larger spread of the electron wavefunction. Similar conclusions can
be withdrawn from the measured photoluminescence spectra, shown in Figure 4.17b. But before that,
it should be noted that the emission in these nanostructures originates only from the CdSe core. This
behavior was previously reported and well explained by Tessier et al.[168] by linking it to the quasi-
type Il nature of the CdSe/CdS heterojunction, where the hole wavefunction is localized within CdSe.
This, in combination with the large CdSe NPL exciton binding energy[306] will induce for the
recombination process to be favored in the CdSe core, as it is generally the case for type [ systems.[307]
In fact, the easy migration of the crown-generated excitons is made possible because the Cd-terminated
basal facets of zincblende NPLs allow for the formation of mostly defect-free heterointerface. Now,
coming back to photoluminescence spectra. When compared to the emission of bare CdSe NPLs, a slight
shift of the emission peaks towards lower energies with the increase of the crown size is evident. This
further demonstrates the delocalization of the electrons to the CdS crown, which in return will
experience the lessened effect of the quantum confinement. Yet this effect is not as nearly as
pronounced if compared to the case of core/shell nanostructures.[308], [309] It has been suggested
that the dielectric environment of the two-dimensional NPL is not significantly changed by the lateral
extension of the crown, leaving CdSe large exciton binding energy practically unchanged.[307]
Altogether, these results are in a good agreement with our STS studies done on bare CdSe NPLs, again
showcasing the weak, yet not insignificant influence of the lateral confinement in these nanostructures.
Nevertheless, the final and most important observation from these studies was the vanishing of the dual
emission characteristic for bare CdSe NPLs at cryogenic temperatures, as the crown-size is increased.
The origin of this effect will be the next important topic of the discussion.
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Figure 4.17 Influence of the crown size on the optical properties of CdSe/CdS core/crown NPLs. (a) The
absorption spectra acquired on small and large-crown NPLs presented in blue and red, respectively. (b)
Photoluminescence spectra of bare 4-ML thick NPLs (black), small and large-crown NPL samples,
recorded 4.2 K.
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4.4.2 CdSe exciton fine structure

To unveil the role played by the crown on the optical properties of CdSe NPLs, one should first
understand and question the existing knowledge of bare CdSe NPLs. In order to achieve this, it is natural
to firstly consider the CdSe band structure and resulting exciton fine structure.
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Figure 4.18 Bright and dark state energy splitting in CdSe NPLs. (a) CdSe band structure (b) CdSe
exciton fine structure. (c) Fluorescence line narrowing spectra of 3ML, 4ML, and 5ML samples at laser
excitation energies of 2.8076, 2.5407, and 2.3305 eV, respectively. (d) PL spectra of 4ML NPL sample
recorded at T = 2.2 K, at different delays: t = 0 (orange), t = 200 ns (blue), and time-integrated over the
laser repetition period (black). Lower panel: Time-integrated PL spectrum at T = 2.2 K measured with
a CCD camera (black), fitted with three Gaussians corresponding to dark exciton (cyan), bright exciton
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(magenta) and low-energy peak (green). Red line gives the resulting curve. Insets ¢ and d taken and
adopted from Ref.[213]

As it is the case for most of the II-VI semiconductors, the conduction and valence bands are defined by
s-orbitals of the metal ions and p-orbitals of anions, respectively. Therefore, for CdSe the interplay
between 2-fold degenerate Cd 5s-orbitals and 6-fold Se 4p-orbitals is fundamental. In this context the
common notation of nQr is used for the description of electron and hole states, where F =] + L, and J is
Block band edge angular momentum (1/2 for CB, 3/2 for heavy/light hole bands), and lastly, L is the
angular momentum associated with the envelope function. To account for strong exchange, spin-orbit
and crystal field interaction, the valence band is split into two sub-bands p3/2 and p1/2, while the
conduction band remains unchanged. As a result, the first exciton state (8-fold degenerate) is a
combination of the first electron level 1S. (double degenerate) and first hole level 1Ss3,2 (4-fold
degenerate). In this way, spin-orbit splitting defines the exciton fine structure with ground state being
the dark state with momentum projection +2 on the quantization axis, while the first excited state is
optically active and has total angular momentum of #1. The energy separation between the two
corresponds to bright-dark state energy splitting (AEar) and it is usually in the order of couple of meV.

In that regard, the work of Shornikova et al.[213], was focused on investigating the exciton fine
structure of CdSe NPLs by means of fluorescence line narrowing technique and time/temperature-
dependent PL emission spectra at cryogenic temperatures (see Figure 4.18d). The former technique is
based on the resonant excitation of the bright exciton state with a tunable laser and the detection of the
redshifted emission, namely the dark exciton PL emission. With this technique, the bright dark splitting
is directly unveiled from the energy splitting between the laser line and the redshifted peak in the PL
signal, which corresponds to the dark state emission (see Figure 4.18c). Here is it clear that the bright
dark splitting increases as the thickness of the NPL decreases, i.e. with the quantum confinement.
Whereas with the latter technique, NPLs are excited well above the band gap so that bright and dark
states are equally populated right after the laser pulse. Early on (less than 1 ns), the bright exciton
dominates the emission in the PL spectra due to its much larger oscillator strength. However, the
radiative recombination of the bright exciton is quenched by the thermal relaxation to the dark exciton
state, where the PL emission will take place. This is clearly demonstrated in Figure 4.18d, where the
emission at t=0 (bright exciton) occurs at higher energy than at t=200 ns (dark exciton). Therefore, the
energy splitting between the peak maximum at t=0 and t=200 ns directly shows the bright dark energy
splitting. Altogether, these results and other associated reports on the fine structure of CdSe NPL
showcase that the bright-dark energy splitting is correlated to NPL thickness, which can be further
exploited for assessment of the quantum confinement in NPLs. However, these certainly demanding,
yet powerful techniques used to disclose energy splitting caused by electron-hole exchange interaction
within exciton fine structure are not in all cases applicable. For instance, to study an exciton complex
such as trion, where no fine structure is expected. Indeed, in the case of negative (positive) trions, the
exciton complex is formed by 2 electron (2 holes) and one hole (electron), and thus, the exchange
interaction vanishes.
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4.4.3 Recombination dynamics of the exciton complex

In contrast to the previous methods, the study of the exciton dynamics is a powerful technique to unveil
the energy splitting within the exciton fine structure, but also the recombination dynamics of various
exciton complex. While indirect, this method is commonly present in the literature, as it allows for
disclosing various exciton complexes (exciton, biexciton, charged exciton) by varying external
parameters such as the temperature or the magnetic field.[213] For the particular case of NPLs, these
experiments can be used to unequivocally unveil the nature of the two emission peaks in the PL spectra.

The exciton dynamics in CdSe NPLs can be resumed to the thermal population of the upper bright and
a lower dark exciton state. In particular, at room temperature, where the thermal energy exceeds the
bright-dark energy splitting, the bright and dark states are equally populated. Because of the striking
difference in their oscillator strength, the emission is dominated by the radiative recombination of the
bright exciton only, and the PL decay is monoexponential. Yet, for the temperature such that ks-T < Eps,
the PL decay occurs on two markedly different timescales. It was shown that the early part of the PL
decay is related to the bright exciton emission that is quenched by the non-radiative spin-flip process
to the dark exciton state.[310] The fact that only a small fraction of the photons is emitted on such a
short timescale clearly indicates that the spin-flip rate far exceeds the radiative relaxation rate of the
bright exciton state. The slow decaying part of the PL decay is related to the radiative recombination of
the dark exciton. This temperature dependence of the PL decay is a well-known behavior that has been
previously observed in a plethora of colloidal nanostructures and as such, it can be used as a fingerprint
to reveal the presence of an excitonic fine structure. Nevertheless, one should be aware that such a
temperature dependence could be also observed by simply considering a single excitonic level and
thermally activated trap. Therefore, in addition to the temperature dependence, it is useful to perform
a magnetic field dependence of the PL decay as well. Note that in an ensemble measurement, the NPLs
are randomly oriented. As a result, it is not possible to apply the magnetic field in a specific orientation,
such as Faraday (B)| to the quantization axis) or Voigt (B. to quantization axis) geometry. It is worth
pointing out that in the case of Faraday geometry, the magnetic field simply lifts the spin degeneracy of
the bright and the dark exciton (Zeeman splitting) so no specific B-dependence of the PL decay is
expected, provided that Eps is far greater than the Zeeman splitting of the fine structure states.
However, in any other orientation, the magnetic field will induces intermixing between the bright and
the dark states which in turn leads to a shortening of the PL decay of the dark exciton (i.e. the long
component of the PL decay), and a simultaneous vanishing of the fast component.[311] Coming back to
the dual emission of NPLs seen in PL spectra, it is then possible to unveil the nature of the emission
associated with each peak by independently studying their PL decay.[304]
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Figure 4.19 Recombination dynamics of 4.5 ML CdSe NPL and CdSe/CdS core/crown NPL. (a) In the left
panel: the photoluminescence decays at T = 4.2 K for the exciton (blue) and negative trion (red) lines;
inset: their respective initial decays. In the right panel: Normalized PL decays at various temperatures
for the excitons (top) and trions (bottom), measured at the line maxima with the streak camera. Figure
taken from ref.[304] (b) Magnetic field dependance of the PL decay of the single emission line of large-
crown CdSe/CdS NPLs fromB=0toB=28T.
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As shown in Figure 4.19a, the PL decay of the high energy peak shows a pronounced temperature and
magnetic dependence, hallmarks of the bright-dark state model. In contrast, the PL decay of the low
energy peak progresses rather monoexponentially, with a characteristic time of 350 ps. In addition, it
does not exhibit any temperature, nor magnetic field dependence between 2 and 50 K and all the way
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up to 30 T (see Figure 4.19b), respectively. These results indicate that the emission at low energy stems
from the radiative recombination of a bright allowed state. Altogether, these observations are
characteristic for the radiative recombination of charged excitons (trions).[312] In summary, studying
the temperature/magnetic field dependence of the PL decay allows for unambiguous disclosure of the
origin of the emission.

We applied this approach to our core/crown CdSe/CdS NPLs that exhibit only a single peak at cryogenic
temperature. As shown in Figure 19b, the PL decay of large core/crown decays monoexponentially over
3 decades with a time of 350 ps and is magnetic field independent up to 30 T. These results show that
the emission of large core/crown is dominated by the radiative recombination of the trions. Therefore,
our results also showcased the potential of this architecture to circumvent the known issue of large
bright-dark exciton energy splitting, while still keeping the narrow emission and high quantum yield,
intrinsic to bare CdSe NPLs.[313] At this point our measurements can be readily assigned to charged
exciton description of the emission, yet for typifying the character of the trions an additional systematic
study was required.

4.4.4 Optical properties of CdSe/CdS core/crown NPLs in high magnetic field

Disentangling the contribution of either positive or negative trions from the unpolarized PL studies
(spectra or decay) is nearly impossible given that they both have the characteristics of a single bright
exciton state. As depicted in Figure 4.20, the emitted photons can be either left- or right-hand polarized
due to the spin degeneracy, regardless of the nature of the trions. However, investigating the
polarization properties of the PL emission in magnetic field allows for determination of the sign of the
trion, that is to say the nature of the minority carrier.

In magnetic field, the spin degeneracy will be lifted for the electron (e) and the hole (h) therefore the
Zeeman splitting for the exciton will be AE = gex-B-pis, where gexis exciton g-factor, B is the intensity of
external magnetic field and psis Bohr magneton.[205] For the dark exciton in CdSe, the g-factor writes
Zex = ge-3gh.[314] In this case, and as it can be seen in the illustration in Figure 4.20, the spin down state
will be lower in energy therefore its contribution to the PL signal will steadily increase with the rise of
the magnetic field strength. As a result, for magnetic field strength such that ks-T < Eps, the PL signal
will be 6- polarized. The situation is strikingly different when considering trions. By definition, trions
are described as charged excitons, a three-particle complex, where negatively charged trion is
composed of a pair of electrons occupying conduction ground state in singlet configuration and a single
hole in valence ground state.[315] Reciprocally, positive trions are known for having two holes in a
singlet state and single conduction electron.[205] Therefore, the polarization properties in magnetic
field can be directly derived from the value and the sign of the g-factor of the minority charge carrier,
as shown in Figure 4.20.
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Figure 4.20 Schematic representation of the spin level structure and the optical transitions for the case
of excitons and negative/positive trions in an external magnetic field. Short filled and empty arrows
indicate electron and hole spins, respectively. Polarized optical transitions are shown by red (o +) and
blue (o -) arrows. The more intense emission, shown by thicker arrow, comes from the lowest in energy
trion state with spin —3/2 for the negative trion and with spin —1/2 for the positive trion. Figure taken
and adopted from ref.[315]

For instance, positive trions will lead to a strong sigma o+ polarization. A table summarizing all the
possible polarization for various g-factor combination can be found in ref.[313] However, it should be
noted that the energy splitting between o+ and o- will always be proportional to the electron and the
hole g-factor, while the PL intensity of the respective polarization will strongly depends on the charge
complex considered. As shown in Figure 4.20, the difference in the PL intensity of polarized
components for negative trions is solely related to the thermal population of the hole.
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Figure 4.21 Circular PL polarization in external magnetic field. PL spectra of o+ (blue) and o- (red)
circular polarization and corresponding DCP (green) of (a) 4.5 ML-thick bare CdSe NPLs and (b) large-
crown CdSe/CdS NPLs at B=16 T and T = 4.2 K. (c) Evolution of the o+ (blue balls)/ o- (red balls)
polarized components and time-integrated DCP (green triangles) with respect to DCP saturation level
(Psat, black triangles), with the gradual increase of the magnetic field from 0 T to 30 T.
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Due to selection rules dictating the polarization of emitted photons, the degree of circular polarization
(DCP) is known as a useful tool to treat corresponding kinetics associated with Zeeman sublevels.[315],
[316] The time-integrated DCP is best described as the relation between the intensities of left-handed
polarized components I and right-handed polarized one I+, as follows:
T -
P, =—" 4.2
Int (I+ + I.) ( )

If the temperature is low enough (ks-T < AE:), the lower spin sublevel will determine the polarization
of the emitted photons.

In Figure 4.21a, the PL spectra acquired on 4.5 ML-thick NPLs at 16 T and 4.2 K is shown. As expected
from the model depicted in Figure 20, the high energy peak, which corresponds to the radiative
recombination of the exciton is predominantly o- polarized in magnetic field and has a DCP value of -
0.2. Interestingly, the fact that the low energy peak is also predominantly - polarized and has a weaker
DCP value (-0.1), clearly indicates that the low energy peak stems from the radiative recombination of
the negative trion, in agreement with previous work.[304]

Remarkably, the polarization-resolved PL characteristics of CdSe/CdS large-crown NPLs (see Figure
4.21b) evidently show that the emission is solely dominated by the radiative recombination of the
negative trion. It is noteworthy that the DCP value for the negative trion in bare CdSe NPL and
core/crown NPL are quantitatively the same, which indicates that in both cases the polarization
properties of the trion are given by the hole g-factor in CdSe. The trion-only emission in large
core/crown can be explained from a kinetics point of view. The exciton transfer process is exceptionally
efficient, since 70% of excitons that are generated within CdS crown are in less than 1 ps funneled into
the CdSe core. Moreover, the remaining 30% of excitons localize at the interface with the holes being
trapped in CdS, while all the photogenerated CB electrons from CdS are transferred into CdSe.[317] This
implies that there are significantly different transfer rates of the holes and electrons across the
interface. Hence, if coupled with strong electron wavefunction overlap, the previously neutral
nanocrystals are highly susceptible to photocharging. This in fact will place the nanocrystal in charge
separated state and cause the generation of trions states within it.[318] More explicitly negative trions,
since the electron transfer is much more efficient than the hole one. And indeed, it has been previously
demonstrated that the material combination of CdSe and CdS in thick-shell core/shell nanocrystals is
responsible for their negative photocharging.[29]

It is interesting to compare these results to those obtained on CdSe/CdS core/shell NPL reported in
ref.[313] In this paper, the authors also evidenced a PL emission dominated by the radiative
recombination of the negative trion. Even though here and in the aforementioned paper we are dealing
with the same materials (CdSe and CdS) and the same exciton complex (negative trions) the PL
properties are strikingly different. Indeed, for core/shell NPLs the radiative lifetime is about 3 ns, which
is one order of magnitude longer than for the core/crown architecture. In addition, the broad (FWHM
= 43 meV ) and asymmetric shape of the PL spectra of core/shell clearly suggests the presence of
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interfacial defects between the core and the shell, whereas the emission of core/crown NPLs is sharp
(FWHM =25 meV ), symmetric and has a Voigt profile, which suggest a monodisperse distribution. In
both cases, 4.5 ML CdSe NPLs were used as seed core. The emission of the core is around 2.48 eV at T=
4.2K while the core/shell and the core/crown have emission center at 1.96 eV and 2.45 eV, respectively.
The strong difference in the emission energy is insightful since it gives an idea of the electron
delocalization in the CdS shell. Namely, electrons in core/shell NPL are strongly delocalized in the CdS
shell which results in a reduced quantum confinement and the emission occurring at a lower energy. In
contrast, the very weak change in the emission energy for core/crown, in spite of the large crown,
shows that the electron does not feel the CdS crown and remain mainly confined in the CdSe core.
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4.5 Conclusions

Colloidal synthesis of CdSe NPLs easily surmounts the poor scalability, rigidness, and high cost which
are inherent to the epitaxial nanostructure growth, while preserving the considerable degree of control
and quality of the final products. Indeed, the preliminary studies with PL, SEM, TEM, AFM images
showcased the excellent homogeneity and crystal quality of our samples. Both of which were later
confirmed by the LT-STM measurements. In the absence of chemical pretreatment, the NPLs prefer to
stay self-assembled in stacks upon deposition. In this configuration, the detailed imaging of their side
faces is made possible, and it revealed that the two neighboring NPLs have their ligand chains
interpenetrated. Contrary to the expectations, we have observed electronic properties which vastly
differ from the ones expected for typical 2D materials. In specific, for the typical rectangular shapes
usually observed in the literature, the electron DOS displays Van Hove singularities, which are also
present in our tight binding calculations. This demonstrates and therefore, confirms the strong
influence of the lateral confinement in these nanostructures. Moreover, the remnants of electronic deep
trap states were equally evident in our optical and STS studies. Coherently, both measurements shed
the light on the NPL surface chemistry as a function of its morphology, but also the potential of
addressing the trap state by NPL-based lateral heterostructures. Our experiments in high-magnetic
field revealed that the emission of CdSe/CdS core/crown NPLs is dominated by negative trions.



Conclusion and Future work

The aim of this thesis was to identify an effective experimental approach to revisit some of the
fundamental concepts inherent to one-dimensional semiconductor nano-heterostructures. For this
purpose, a scanning probe microscopy was used to conduct a detailed study of the two samples with
vastly different synthetic origins, but with a closely related underlying physics which describe their
chemical and physical properties. The samples in question were Ino.s3Gao.47As nanowires grown on InP
by selective area epitaxy and colloidal CdSe nanoplatelets in their bare form, but also when unified into
the CdSe/CdS core/crown architecture.

Focusing on the Inos3Gaos7As nanowires first, the morphological characterizations were performed
with the following combination of techniques: SEM, AFM  and LT-STM. Nanowire-based
heterostructures with different levels of structure complexity were firstly identified and classified using
the SEM. Next, the large-scale morphological study of each one of the planar nano-heterostructures was
investigated with AFM. The results obtained from this study demonstrated that the hydrogen-assisted
MBE growth had outstanding selectivity with respect to the SiO2 mask. Moreover, it was discovered that
the cross-sectional height profiles of the nanowires were much different depending if the nanowire was
extending along [110] or [1-10] direction. The significant hallmark of this behavior was the non-
homogeneous profile of the nanowire (001) top facet. Further analysis of this feature was done using
the LT-STM. The atomically resolved STM topography revealed As-rich (2 x 4) (001) surface
reconstruction. Dimer rows spreading along [1-10] direction, were certainly accountable for the
disparity in the surface roughness along two main crystallographic directions. With a newly acquired
knowledge, the AFM height profiles were fitted to a model describing the surface diffusion kinetics. In
this way the value of the diffusion length along [1-10] direction was determined to be 110 nm, whilst
along the [110] direction it was found to be negligible. Investigation of the nanostructure electronic
properties in conjunction with its morphology was the next step. The single- and two-probe STS study
was successfully utilized to quantitatively determine the band alignment at the Inos7Gao43As/InP
heterointerface. The values of the conduction and valence band offsets between the two materials were
measured to be 210 meV and 400 meV, respectively. In addition, the two- and four-probe contact
measurements were performed in order to gain information about the carrier transport properties in
these nanostructures. It was determined that the tungsten probes form an ohmic contact with the
InGaAs nanowires, while the carrier transport is governed over three possible channels, through the
bulk of the nanowire, through the nanowire surface or through the p-doped InP below. The voltage
threshold at which the lasty mentioned channel becomes accessible to the carriers was measured to be
around 360 meV, which is in a good agreement with the previously obtained value for the valence band
offset. Altogether the results obtained from these experiments testify for the viability of this
combination of SPM techniques for the accurate and reliable investigation of the atomic scale
topography and nanoscale electronic properties of the 1D semiconductor nanostructures.

In terms of the nanostructure size, colloidal synthesis far surpasses the selective area epitaxy, as it is
capable of yielding nanostructures of much smaller dimensions. At this, sub-50 nm scale, probing the
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effects of quantum confinement becomes feasible. Bare 5.5-ML CdSe NPLs of two different thicknesses
were firstly characterized with optical spectroscopy, SEM, TEM, AFM. With the firstly mention the
thickness of the two NPL species was determined to be 5.5 ML and 7.5 ML, whereas the remaining array
of techniques mainly served purpose for the measurement of the NPL lateral dimensions, but only once
they were drop-casted onto the gold substrate. In the absence of chemical pretreatment, the majority
of the NPLs self-assemble into stacks upon deposition. This was further confirmed by the follow-up LT-
STM study, with which it was possible to image individual NPLs within a stack. The results of this study
revealed that the two neighboring NPLs have their ligand chains interpenetrated. Moreover, the LT-STS
study was conducted in order to investigate the electronic properties of the NPLs. In contrast to the
widespread belief, the differential conductance spectra acquired from the rectangularly shaped NPLs
revealed the electronic properties which vastly differ from the ones expected for typical 2D materials.
The electron DOS exhibited Van Hove singularities, a finding in line with our tight binding calculations,
where the extent of the lateral confinement was assessed. This demonstrates and therefore, confirms
the strong influence of the lateral confinement in these nanostructures. Moreover, the remnants of
electronic deep trap states were equally evident in our optical and STS studies. In order to extend our
study towards CdSe NPL-based heterostructures, we have performed a preliminary, yet detailed study
of the magneto-optical properties of CdSe/CdS core/crown NPLs. The highlight of the PL experiments
performed in high-magnetic field was that the emission of CdSe/CdS core/crown NPLs is dominated by
negative trions, a corollary of the band alignment at the heterointerface. This, if coupled with excellent
growth flexibility and crystalline quality, and most importantly, easily accessible heterointerfaces
makes these nano-heterostructures appealing for the future studies of the quantum confinement and
band alignment with now, tested and verified, SPM methods.
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Abstract

The surface morphology of III-V semiconductor nanowires (NWs) protected by an arsenic cap
and subsequently evaporated in ultrahigh vacuum is investigated with scanning tunneling
microscopy and scanning transmission electron microscopy. We show that the changes of the
surface morphology as a function of the NW composition and the nature of the seed particles are
intimately related to the formation and reaction of surface point defects. Langmuir evaporation
close to the congruent evaporation temperature causes the formation of vacancies which nucleate
and form vacancy islands on {110} sidewalls of self-catalyzed InAs NWs. However, for
annealing temperatures much smaller than the congruent temperature, a new phenomenon
occurs: group III vacancies form and are filled by excess As atoms, leading to surface Asg,
antisites. The resulting Ga adatoms nucleate with excess As atoms at the NW edges, producing
monoatomic-step islands on the {110} sidewalls of GaAs NWs. Finally, when gold atoms
diffuse from the seed particle onto the {110} sidewalls during evaporation of the protective As
cap, Langmuir evaporation does not take place, leaving the sidewalls of InAsSb NWs
atomically flat.

Keywords: III-V semiconductor nanowires, {110} sidewall, surface morphology, roughness,
point defect, scanning tunneling microscopy

(Some figures may appear in colour only in the online journal)

1. Introduction

Compound semiconductor nanowires (NWs) have attracted
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wide interest for optoelectronic and photovoltaic applications,
due to their unique ability to relax strain and hence enabling
the realization of a much wider range of non-lattice matched
heterostructures and polytypes than in planar growth.
Numerous examples of heterogeneous integrations have been
demonstrated, either axially with III-V NWs directly grown
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on Si substrates [1, 2] or radially with semiconductor—semi-
conductor, semiconductor—ferroelectric and semiconductor
metal core—shell NWs [3-6]. However, the quality of the
interface, in particular in the radial configuration, where the
surface to volume ratio is high, critically affects the NW
properties. Hence, controlling the surface morphology and
chemistry of NWs is becoming of utmost importance for
tuning manifold NW properties, not only for the growth of
core—shell structures, but also to prepare NWs with strong
confinement effects [7] or enhanced luminescence [8].
Indeed, apparently small surface effects can have a strong
impact on the physical properties of semiconductor hetero-
structures. For example, a pronounced roughness of the
sidewall facets will reduce the sharpness of radial interfaces
and increase the scattering of electrons and phonons, influ-
encing their propagation. Also, surface steps induce a Fermi-
level pinning at the NW sidewall facets, which modifies the
band offsets between different axially arranged polytypes or
heteromaterials [9, 10], hence influencing greatly the axial
electrical conductivity and optical emission of NWs. More-
over, this pinning governs the incorporation of defects and
isoelectronic impurities during lateral overgrowth, affecting
the electronic properties of core—shell heterostructures.
These effects are likely to occur when the growth pro-
cesses require the evaporation of chemical elements that take
place in separate growth systems, implying stringent condi-
tions to preserve the interfacial layer from contamination
accumulated during the sample transfer [11]. For -V
semiconductor NWs, a smart protection scheme relies on the
use of a thin arsenic amorphous layer to cap the NW sidewalls
[12, 13], that can then be easily sublimated once the sample
has been transferred in a different growth system. However, it
is still not clear how the protective cap affects the morphology
of the NW sidewalls. This is even more important in the light
of very different surface morphologies observed by scanning
tunneling microscopy, ranging from very rough to atomically
smooth facets [14], but without good understanding thus far.
In this work, we examine clean and well-ordered (110)
sidewalls of III-V semiconductor NWs with scanning tun-
neling microscopy (STM) and spectroscopy (STS) after the
sublimation of an As protective cap. We find pronounced
differences in the morphology and roughness of NW side-
walls of different III-V compounds. The morphologies are
shown to correlate with point defect formation and reaction
processes during the sublimation of the As protective cap.
These point defect-based processes lead to sidewall
morphologies characterized by nucleated islands, vacancy
clusters, atomically smooth sidewalls, as well as to highly off-
stoichiometric or perfectly stoichiometric surfaces depending
on annealing and Fermi-level position at the NW surface.

2. Methods

For the experiments, InAs, GaAs and InAs;_,Sb, NWs were
synthesized by molecular beam epitaxy with seed particles to
drive the NW growth in the vapor-liquid—solid regime. In and

Ga droplets were used for the growth of self-catalyzed InAs
and GaAs NWs on [111]-oriented Si substrates covered with a
native oxide layer at the surface. As described in [15], opti-
mized conditions with oxide thickness of 0.9 nm were chosen
to obtain the highest yield of vertical growth. The growth of
InAs NWs was done at 0.02 monolayer per second, given as
equivalent to the growth rate on planar GaAs, with an Asy
partial pressure of 3.6 x 10’ mbar, an In partial pressure of
4.1 x 10~® mbar and a temperature of 420 °C. The growth of
GaAs NWs was carried out at a nominal growth rate of
0.3 As™!, with an As, partial pressure of 2.5 x 10~° mbar, a
Ga partial pressure of 1.4 x 1077 mbar and a temperature of
620 °C. At the end of the growth, the In and Ga droplets were
consumed by closing the In or Ga shutter for 30 min under
As, flux. Then, the As, flux was stopped, what reduced the
As-related pressure substantially, and the temperature was
lowered to room temperature. At room temperature, the As,
flux was opened again and the NWs were capped with a
10-20 nm thick amorphous As layer for protection against air
exposure (oxidation). A high yield of vertical NWs grown
along the (111) direction was obtained, with a diameter dis-
tribution between 60 and 90 nm [16]. InAs;_,Sb, NWs and
GaAs NWs were also grown with gold seed particles, as
thoroughly described in [12] and [17]. The capping procedure
was similar except that the gold seed particle was left at the
end of the growth and embedded in the As capping layer.

After the growth, the NWs were investigated with a Jeol
2200 FS scanning transmission electron microscope (STEM)
operating at 200 keV and with a low-temperature scanning
tunneling microscope working at 77 K in ultrahigh vacuum
(UHV). The STEM analysis required to work with cleaved
and dispersed NWs in toluene that were dropcasted onto
E-chip supports (Protochips). The annealing of the NWs to
sublimate the As-capping layer was performed in situ and the
temperature of the E-chip in the STEM was measured with a
thermocouple. For the STM characterization, the sublimation
process was performed in the preparation chamber connected
to a low-temperature scanning tunneling microscope with a
base pressure lower than 107" mbar. The substrate that was
used to grow the NWs was annealed by direct current heating.
The As desorption was monitored by mass spectrometry and
the temperature of the sample was probed with a pyrometer,
yielding an uncertainty of +10 °C on the substrate temper-
ature. While the pressure increased around 2-5 x 107" mbar
for a few tens of seconds and then decreased, we usually kept
the sample heating for 30 min. At the end of this process, the
NWs were transferred to a n-type Si(111) substrate coated
with a thin layer of Ag. The transfer was performed by
mechanical cleavage of the NWs without interruption of UHV
[18], to have one of the sidewalls parallel to the host substrate
and accessible to the tungsten STM tip. For the STM study,
we did not consider the base or the top region of the NWs,
since the morphology of these regions can be different from
the rest of the NWs. Tunneling spectroscopic curves were
acquired with an open feedback loop at constant tip-sample
separation.
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20 nm

10 nm

Figure 1. (a) STEM image of a self-catalyzed GaAs NW capped with
a thin protective layer of amorphous As. (b) and (¢) TEM images of
the same GaAs NW after the annealing of the sample at 250 °C for
10 min and then 270 °C for 10 min. At 250 °C, the amorphous As
cap is still present and blurs the NW’s atomic structure (b). In
contrast, at 270 °C the As cap evaporated fully (c), revealing the
underlying atomic structure of the NW.

3. Results

In order to determine the range of temperatures that enable the
complete sublimation of the As protective cap, temperature-
dependent STEM experiments were first performed with self-
catalyzed GaAs NWs. Figure 1(a) shows a typical STEM
image of such a GaAs NW capped by an amorphous As
capping layer. The capping layer is identified from its slightly
darker contrast in the upper and lower parts of the NW in
comparison with the GaAs core. The thickness of the capping
layer is 20 nm. Heating the NW at 250 °C for 10 min does not
produce any significant modification of the protective cap
(figure 1(b)). Further annealing at 270 °C for 10 min leads to
the disappearance of the dark As shell and the appearance of
the NW atomic lattice in the STEM image, as shown in
figure 1(c). Both observations indicate the sublimation of the
protecting As cap. However, annealing at this temperature
was found to leave a lot of defective areas in the STM images
of the NWs sidewalls. Therefore, for the subsequent STM
analyses, the As capping layer was always sublimated above
310°C-320°C and below 370 °C-380 °C. The upper limit
corresponds to the congruent evaporation temperature of
InAs [19].

Figure 2 shows an overview of STM images for three
different III-V NWs after the sublimation of the As-capping
layer at the maximum temperature of 370 °C-380 °C allowed
for this study. The morphologies of the sidewalls for the NWs
appear different, despite the same (110) orientation of the
sidewalls and similar conditions to sublimate the capping
layer. First, the InAs and GaAs NWs have straight sidewalls

25 nm

Figure 2. STM images of the {110} sidewall of (a) an In-catalyzed
InAs NW, (b) a Ga-catalyzed GaAs NW and (c) a Au-catalyzed
InAsgoSbg; NW obtained after the sublimation of the As capping
layer at 370 °C-380 °C, tunneling conditions: (a) Viampie = +3.0 V/
Itunncling =10 PA, (b) Vsamplc =-4.0 V/Itunncling =20 PA,

(©) Vsampte = —3.0 V/Iynneting = 10 pA. The arrows point to
defective areas.

while the InAs;_Sb, NW appear with sawtooth-like side-
walls. This difference has been explained by the epitaxial
overgrowth of the sidewalls [20]. (111)-oriented NWs have
initially twelve alternating {110} and {112} sidewalls.
However, if overgrowth takes place, the grooves induced by
the {111}-A and B-type facets in the {112} planes, which
give rise to the sawtooth-like shape, are filled in and the
{112} planes becomes narrower. As a result, the {110}
sidewalls almost connect with each other giving rise to
straight edges along the growth axis.

More importantly for this study, we compare the
roughness of the {110} sidewalls. The InAs NW sidewall
consists of propagating terraces along the growth direction,
with pits sparsely distributed into the terraces (figure 2(b)).
We note the presence of a small defective area, which is
presumably a damaged region that might affect the complete
removal of the As capping layer in its vicinity. The GaAs NW
sidewalls exhibit terraces also. But opposite to the pits
observed on the InAs NW sidewalls, islands appear on top of
theses terraces (figure 2(c)). Interestingly, the majority of the
islands are connected to the sidewall and terrace edges,
whereas the pits seem to be randomly distributed on a terrace.
In contrast to the InAs and GaAs NWs, the InAs;_Sb, NW
sidewall is atomically flat, except in two small defective areas
(figure 2(d)). While the absence of terraces might be related to
the limited duration of the lateral overgrowth process as
compared with the InAs and GaAs NWs, this third example
shows that the {110} sidewalls can also exist without any pits
or islands.

In order to get further insight into the origin of the for-
mation of these clusters and islands, figure 3 highlights the
height profiles measured on the sidewalls of the self-catalyzed
InAs and GaAs NWs. At the surface of the InAs NW, the pits
have a depth of about 2 A, whereas the islands that are found
on the GaAs NWs show a height of 2 A. These heights cor-
respond to the separation of single atomic (110) planes in



Nanotechnology 30 (2019) 324002

A Diaz Alvarez et al

InAs NW

(c)6
@4 ]
e 2 |
A
N gl (b) ~ GaAs NW
0

Dlstance (nm)

Figure 3. STM images of the {110} sidewall of self-catalyzed

(a) InAs and (b) GaAs NWs after the removal of the As capping
layer at 370 °C-380 °C. (c) Height profiles measured along the
horizontal lines in (a) and (b). Tunneling conditions: Vgmple =
+2.0V (a)/—3.5V (b), fiunneling = 20 pA. Vacancy islands are
found to form on InAs NW sidewalls, whereas islands nucleate on
GaAs NW sidewall at edges.

InAs and GaAs crystals, meaning that single-layer vacancy
clusters or islands with monoatomic step height were formed.

In order to get further insight into the origin of the for-
mation of these clusters and islands, we examined surfaces of
-V semiconductor bulk crystals. Figures 4(a)—(c) shows
atomically flat (110) surfaces of a cleaved p-type InP crystal,
a cleaved p-type GaAs crystal and a cleaved n-type GaAs
crystal respectively. All three crystals show single vacancies,
but depending on the doping of the crystals, the nature of the
vacancies is different. Group V vacancies are observed in the
filled state images of figures 4(a) and (b), while Ga (group III)
vacancies are visible in the unoccupied state image of
figure 4(c), consistent with previous studies [21-23]. We note
that the STM image of the p-type InP surface was acquired
after sample annealing at 205 °C for 42h in UHV. Upon
further annealing at 300 °C for 6 h, the p-type InP surface
shows the formation of pits (figure 4(d)), similar to those
produced upon exposure to electrons, photons or ions
[24-26].

For surfaces initially covered with a thin As capping
layer and then annealed to desorb the capping layer, such as

the InAs (001) surface in figure 4(e) and the GaAs (110)
surface in figure 4(f), the same pits are also found. Once the
amorphous capping layer has been desorbed, desorption of
atoms from the crystal occurs and gives rise to the holey
surface seen on the InAs NW sidewalls. The surface
morphology is fully consistent with the formation of vacancy
clusters resulting from stoichiometric Langmuir evaporation
of group III and group V elements. Both elements leave the
surface at equal fluxes because the annealing temperature is
lower than the congruent temperature [27].

In contrast, the GaAs NW sidewalls do not show a pit-
dominated morphology, but rather an island morphology.
Understanding this requires a deeper examination of the
possible presence of defects on the GaAs NW sidewalls. The
atomically resolved STM image of figure 5(a) corresponds to
a filled state image and shows rows of As atoms on the {110}
sidewall of the NW. Interestingly, atomically confined pro-
trusions at Ga lattice sites are seen between the As rows.
Counting their number yields a surface density of protrusions
of 4 x 10" cm 2. These defects do not cause a change of
contrast in their surroundings and can be found next to each
other in the same row, suggesting that they are uncharged. We
anticipate that the protrusions correspond to As atoms sub-
stituted to Ga atoms. This is supported by their comparison
with the STM image of an Asg, antisite defect in the surface
layer simulated with density functional calculations of the
integrated filled local density of states [28]. As we do not
observe any contrast associated with subsurface Asg, antisite
defects as found previously in low-temperature grown GaAs
planar layers as well as GaAs NWs [29-31], our result sug-
gests that the antisites are exclusively formed at the GaAs
surface during the post-growth decapping process.

An additional insight into the post-growth mechanism is
provided by the statistical analysis of the one-monolayer-
height islands. The Abott curve calculated with the STM
image shown in the inset of figure 5(c) reveals that 18% of the
sidewall is covered with islands. As the cation concentration
at the GaAs (110) surface is 2.2 x 10'*cm ™2, it means that
4 x 10" cm~? Ga atoms are necessary to form these islands.
This quantity corresponds exactly to the Ga atoms substituted
by the Asg, antisites.

4. Discussion

In order to explain the different morphologies obtained for the
InAs NWs and the GaAs NWs despite identical post-growth
treatments, we recall that the morphology is governed by the
atomic processes occuring during the annealing procedure
used to desorb the As cap from the NWs. These atomic
processes are intimately related to point defects at the sidewall
surfaces. It is well known that the types of point defects
formed on III-V (110) surfaces are highly sensitive to the
position of the Fermi level [32-34]. Since the formation
process of point defects during desorption is a kinetically
limited process, we cannot base the discussion on equilibrium
energies of point defects, but rather need to consider the
formation barriers. Experimentally it has been shown that
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Figure 4. STM images of (a) a p-type InP(110) crystal annealed at 200 °C for 42 h in UHV, (b) a p-type GaAs (110) crystal, (c) a n-type
GaAs (110) surface, (d) a p-type InP (110) surface annealed at 300 °C for 6 h in UHV, (e) a p-type InAs(001) crystal, initially capped with As
and annealed at 400 °C for 2 h, (f) an undoped GaAs (110) crystal initially capped with As and annealed at 450 °C for 4 h in UHV. Tunneling
conditions: Viample = —2.7V (a), =2.6 V (b), +1.2V (¢), —=2.8 V (d), +1.5V (), +2.0 V (b); lyunneling = 800 pA (a), 600 pA (b), 300 pA

(), 600 pA (d), 10 pA (e), 10 pA.

negatively charged group III (positively charged group V)
vacancies form kinetically on n-type (p-type) surfaces even at
room temperature [21-23]. No other point defect, such as
antisite or adatom, is experimentally found to form thermally
in significant concentrations on (110) surfaces. This is con-
firmed by the defects visible in figures 4(a) and (c).

Therefore, we performed tunneling spectroscopy mea-
surements on sidewalls of the self-catalyzed InAs and GaAs
NWs in order to determine the electrical nature of the side-
walls. For the GaAs NWs, the band edges are clearly resolved
in figure 6: at negative (positive) sample voltages, the bran-
ches of the current correspond to a tunneling out of (into) the
valence (conduction) band states. The Fermi level position,
measured at 0V, is found midgap, 0.75 eV above the valence
band edge, in agreement with a previous study which attrib-
uted this position to a pinning induced by the surface steps
[9]. For the InAs NWs, three regions of tunneling current are
also observed. In this case, the central component turning on
at 0 V and extending to negative voltages is not equal to zero.
This component arises from electrons tunneling out of the
partially occupied conduction band, due to a pinning slightly
above the conduction band minimum. This Fermi level
position within the conduction band is in agreement with
measurements performed on the planar InAs(110) surface
[35] and InAs NW sidewall [36]. It is caused by the formation
of an electron accumulation layer near the NW sidewalls,
giving a n-type character to the sidewall.

On this basis, one can explain the atomic processes on
the (110) InAs sidewall facet: during the post-growth
annealing, the amorphous As cap is progressively removed.
Once crystalline (110) facets become uncovered, In vacancies
form. Since the annealing temperature of 380 °C is close
enough to the InAs congruent sublimation temperature of
387 °C [19], the In adatoms desorb and leave behind nega-
tively charged In vacancies [32], with weakly bonded
neighboring As atoms. These neighboring As atoms can
detach and form As adatoms, which desorb by forming As,
molecules [21]. As a result, uncharged divacancies form,
which, due to the lack of repulsive Coulomb interactions,
migrate and agglomerate to form pits of one monolayer depth
on the whole sidewall of the InAs NW. The fact that the
majority of the pits do not touch the sidewall edges indicates
that their nucleation occurs randomly on the sidewall facets.
Note that during these processes no charging of the surface by
point defects occur. Similar effects can be expected to occur
when the oxidized sidewalls of InAs NWs are cleaned with
atomic hydrogen at 370 °C. Indeed the morphology observed
on such prepared InAs NW sidewall facets is also dominated
by holes of one monolayer depth elongated along the [111]
direction [37]. It should be noted that the fraction of holes on
the sidewall facet is essentially determined by the annealing
time, the longer the more holes.

For the GaAs NWs an analogous effect may occur: as
soon as the stoichiometric GaAs surface becomes uncovered
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Figure 5. (a) Atomic scale STM image of the (110) sidewall of a Ga-
catalyzed GaAs NW. Tunneling conditions: Vgmpie = —3.5V,
Tiunneling = 20 pA. The arrows point to protrusions at Ga lattice sites
that correspond to a single surface Asg, antisite and a pair of surface
Asg, antisites. (b) Calculated filled state STM image of the GaAs
(110) surface including states over an energy range of 0.7 eV below
the top of the valence band reproduced from [28] (c) height
distribution and Abbott curve obtained for the {110} sidewall of the
GaAs NW shown in the inset (tunneling conditions: Vgampie =
—4.0V, Lynneting = 20 pA). The horizontal dashed line indicates the
fraction of the total area that corresponds to the bright islands seen in
the STM image of the inset.

during As decapping, negatively charged Ga vacancies form
for undoped and n-type materials [22, 38]. However, in
contrast to InAs, the annealing temperature used to desorb the
As capping layer is much lower than the congruent sub-
limation temperature of GaAs [7, 27, 39], preventing the Ga
adatoms to desorb. As a result, for the following discussion,
we need to take into account the presence of negatively
charged Ga vacancies and Ga adatoms combined with high
concentrations of As adatoms originating from the amorphous
As cap. Their joint presence inevitably leads to point defect
reactions: a simple formation of negatively charged Ga
vacancies would lead to a negative charging of the NW
sidewall facets, which would quickly undermine further
vacancy formation, due to repulsive Coulomb interactions.
The observation of surface antisite defects in the STM image
of figure 5(a) indicates that the negative charge of a Ga
vacancy can be removed by inserting an As adatom on a Ga
lattice site to form an uncharged Asg, antisite defect in the
surface layer. This point defect reaction is very likely to
happen, due to the As rich conditions created by the As cap
and also energetic reasons. For midgap Fermi energies in our
case, the formation energy of a Vg,, a negatively charged As
adatom, and an uncharged Asg, antisite are 1.2, 1, 0, and
—0.25 eV, respectively [38], hence freeing about 2.5eV per

10" T . T . T . . .

InAs NW

107 GaAs NW

2.0 1.0 0.0 1.0 2.0
Sample voltage (V)

Figure 6. Tunneling spectra acquired on the {110} sidewall of self-
catalyzed InAs and GaAs NWs. Ey and Ec indicate the position of
the valence and conduction band edges respectively. The spectrum
of the InAs NW has been shifted vertically for clarity.

formed surface antisite defect. In addition, this reaction results
in charge neutrality. These antisite defects remain in the
surface layer, as the barrier for inward diffusion is too high
[38]. The lack of subsurface antisite defects corroborates this
formation mechanism.

At this stage, we consider the Ga adatoms created during
vacancy formation. Once the vacancy is filled by an As
adatom, the Ga adatoms cannot jump back into the Ga
vacancy nor desorb, since the temperature is too low. Hence
they remain diffusing over the sidewall surface until they
nucleate with As adatoms, preferentially at the NW edges,
forming GaAs islands on the sidewalls. This effect is
responsible for the distribution of one-monolayer-height
islands observed on the sidewalls of the self-catalyzed
GaAs NWs.

An intriguing aspect of this result is the degree of non-
stoichiometry achievable at NW sidewall facets without for-
mation of precipitates. In bulk GaAs, the equilibrium phase
diagram only permits very small deviations from stoichio-
metry in the range of ~107% at 700 °C, before precipitation
occurs. The single phase area narrows even further at lower
temperatures [40, 41]. Under non-equilibrium conditions in
low-temperature GaAs growth, As antisite concentrations of
up to 1% are reachable, but annealing leads to As precipita-
tion [30, 42]. Here on the NW sidewall, a deviation from
stoichiometry of 18% is observed at 370 °C-380 °C and no
precipitate forms during annealing.

We also note that the formation of the surface antisites
occurs at relatively low temperature in comparison with the
congruent temperature of GaAs. This effect is not observed
on the planar GaAs (110) surface which was annealed at
450 °C. Similarly, under realistic annealing temperatures,
holes cannot be avoided for InAs NWs. For example, at
temperatures as low as 315 °C-325 °C, As-capped self-cata-
lyzed InAs NWs exhibit a holey surface, as shown in figure 7,
meaning that the In surface atoms already desorb rather than
diffuse on the sidewalls at this temperature.
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Figure 7. STM image of the {110} sidewall of a In-catalyzed InAs
NWs after the removal of the As capping layer at 315 °C-325 °C.
Tunneling conditions: V sample = +2.5 V, [ tunneling = 10 pA.

Finally, due to the lower congruent temperature of InSb
with respect to InAs [43], similar post-growth treatments
should have produced a holey surface at the sidewall of the
InAsSb NWs. Instead, the sidewalls are atomically flat.
Although Sb behaves as a surfactant in the growth of III-V
semiconductor alloys [44], we do not believe that it plays a
role during the sublimation of the As layer, since it has been
shown to preferentially incorporate into the surface lattice and
substitute to As than diffusing at the NW surface [45].
Instead, our previous study of InAs;_,Sb, NWs with STM and
x-ray energy-dispersive spectroscopy analysis operated in the
high-angle annular dark field STEM mode have revealed the
presence of gold clusters on the NW sidewalls [12]. This
result is confirmed by in situ temperature-dependent STEM
experiments of GaAs NWs grown with Au seed particles that
were protected by an As cap. Figure 8 shows a STEM image
of a GaAs NW with the Au particle on top. At first, the NW
and the seed particle are surrounded by the amorphous cap-
ping layer. By increasing the temperature at 250 °C, the
capping layer roughens and the interface between the Au
droplet and the top of the NW widens drastically, indicating
the interdiffusion of As and Au atoms. In fact, the droplet
becomes gradually an AsAu alloy. In concomitance, as the
annealing time increases, dark features appear on the sidewall,
diffusing from the Au seed particle towards the bottom of the
NW. Therefore, the desorption of the As capping layer from
Au-catalyzed NWs inevitably leads to the presence of gold
atoms and clusters on the sidewalls. We suspect these
impurities to modify the Fermi level position and to prevent
the formation of vacancies, keeping the {110} sidewalls
atomically flat.

5. Conclusion

We have investigated the sidewall morphology of HI-V
semiconductor NWs after the desorption of a protective As
cap. The desorption of the As cap for self-catalyzed NWs
produces two types of morphology arising from Fermi-level-
dependent point defect formation and reaction. For annealing
temperatures close to the congruent evaporation temperature,
the formation of vacancies from the evaporation of group III
and group IV elements leads to sidewalls with pits nucleating
within the sidewalls. However, when the annealing temper-
ature is much smaller than the congruent evaporation temp-
erature, group III vacancies are formed and substituted by the
excess of As atoms on the surface of the NW. The resulting

270°C

Figure 8. Sequence of temperature-dependent STEM images of an
Au-catalyzed GaAs NW capped with a thin As cap. The annealing
temperature is indicated in the images.

group III adatoms nucleate with excess As adatoms in islands,
preferentially at the sidewall edges. We have furthermore
found that a strongly enhanced solubility of excess As is
achieved through these surface point defect reactions. Hence,
besides the ability to relax strain much more efficiently than
in planar growth, NW can also accommodate much larger
deviations from stoichiometry at least at their surfaces.
Finally, for gold-catalyzed NWs, Au from the seed is redis-
tributed on the sidewalls upon desorption of the protective As
cap. The Au induces a midgap pinning of the sidewalls which
is anticipated to supress vacancy formation, and thereby
blocks the formation of islands or vacancy pits. The results
highlight the critical impact, which point defect formation and
reactions have on the sidewall morphology of NWs.
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Abstract

Despite the wealth of tunneling spectroscopic studies performed on silicene and germanene,

the observation of a well-defined Dirac cone in these materials remains elusive. Here, we study
germanene grown on Al(1 1 1) at submonolayer coverages with low temperature scanning
tunneling spectroscopy. We show that the tunnelling spectra of the Al(1 1 1) surface and the
germanene nanosheets are identical. They exhibit a clear metallic behaviour at the beginning

of the experiments, that highlights the strong electronic coupling between the adlayer and the
substrate. Over the course of the experiments, the spectra deviate from this initial behaviour,
although consecutive spectra measured on the Al(1 1 1) surface and germanene nanosheets are
still similar. This spectral diversity is explained by modifications of the tip apex, that arise from
the erratic manipulation of the germanium adlayer. The origin of the characteristic features such
as a wide band gap, coherence-like peaks or zero-bias anomalies are tentatively discussed in light
of the physical properties of Ge and AlGe alloy clusters, that are likely to adsorb at the tip apex.

Keywords: germanene, STM/S, 2D materials

(Some figures may appear in colour only in the online journal)

1. Introduction

Dirac cones in the band structure of graphene provides mass-
less fermions, at the origin of outstanding physical properties
such as the half-integer quantum hall effects, ultrahigh carrier
mobility and minimum conductivity [1, 2]. Their existence
can be readily determined with scanning tunnelling spectr-
oscopy (STS), where the measurement of the differential
conductance in the vicinity of the Fermi level is proportional
to the density of states (DOS). For example, when graphene
flakes are decoupled from a highly oriented pyrolytic graphite,
a typical V-shaped DOS, vanishing at the Dirac point, sig-
nature of a Dirac cone, is usually measured with STS [3].
Similar to graphene, silicene and germanene should exhibit
Dirac cones because of the honeycomb structure of their lat-
tice [4, 5]. Nevertheless, the longer bond lengths in silicene

1361-648X/20/055002+9$33.00 1

and germanene yields a buckled structure, which slightly
modifies their electronic structure. As the spin—orbit coupling
increases with the degree of buckling, a small band gap has
been predicted in addition to the linear energy dispersion
[6]. So far, the presence of a small band gap has never been
reported and only a few works have observed a differential
conductance with a V-shape centred at the Fermi level [7-10].
Although the Dirac fermion nature of the charge carriers has
yet to be proved in these examples, where the spectra should
develop into a sequence of Landau levels with a square root
dependence on the magnetic field, the majority of the exper-
imental works has nonetheless reported tunnelling spectra
that differ from the V-shape characteristic in the region of the
Fermi level [11-20]. This behaviour has been attributed to
the strong electronic coupling between the silicene and ger-
manene sheets with the host substrates. Moreover, a careful

© 2019 IOP Publishing Ltd  Printed in the UK
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inspection of all the experimental spectra reported for a given
system reveals significant deviations between the measured
characteristics. For example, if we consider the (4 x 4) phase
of silicene grown on the Ag(1 1 1) surface, [11] and [12] show
differential conductance curves consisting of two symmetric
branches increasing with bias at both polarities, whereas the
curves displayed in [13—15] have a clear asymmetric shape.
Moreover, the Fermi level is inconsistently positioned close to
the negative branch [11, 13] or to the positive branch [14, 15].
Also, some spectra are featureless around the Fermi level
[11, 12, 16], while others show many peaks [14, 15, 17, 18].
Similar variations have been found for germanene grown on
Pt/Ge(110)islands [7, 21, 22]. Different reasons were invoked
to explain these variations, among them, the temperature of
the measurements, spatial fluctuations of the electronic cou-
pling between the sheet and the underlying substrate, and,
the electronic structure of the tip used in scanning tunnelling
microscopy (STM). Indeed, the local density of states (LDOS)
of a silicene or gemanene sheet measured in tunnelling spectr-
oscopy is always influenced by the bias-dependent transmis-
sion probability and the LDOS of the STM tip. Usually, the
LDOS of a tungsten tip is considered as constant over a wide
range of energy [23]. This flat LDOS tip leads to a differ-
ential conductance proportional to the LDOS of the sample.
However many experiments have shown the key role of the tip
LDOS in STS measurement [24-28].

Here, we report STS measurements performed on the
(3 x 3) phase of germanene grown on the Al(111) surface
[20, 29, 30]. Comparison of the tunnelling spectra with the
ones obtained on clean Al islands reveals a similar metallic
behaviour, when the measurements are performed with fresh
and clean STM tips. As the tips are used, the spectra are found
to deviate from this initial behaviour, although they still show
a very good similarity between the germanene and Al islands.
Some spectra show a V-shape, that are also observed on the
surrounding Al islands, whereas other spectra depart from
this characteristic. We explain the variability of the spectral
features by the fortuitous manipulation of the surface during
the course of the experiments. Germanene nanosheets can be
scraped, resulting in the formation of clusters on the surface
or in the deposition of new germanene islands. While these
spurious modifications of the germanene adlayer show the
weak mechanical coupling between the germanene nanosheet
and the Al(111) surface, they also involve a contamination
of the STM tips by Ge and Al atoms. Based on the electronic
structures of numerous Ge and AlGe alloy clusters, that have
been predicted in the literature, we speculate on the origin of
the broad spectral diversity observed when the germanene/
Al(111) interface is characterized with STS.

2. Experiment

Sample preparation and experiments were carried out in
an ultrahigh vacuum chamber (UHV) with a base pressure
lower than 5 x 10~!! Torr. Germanene was synthesized fol-
lowing the recipe of Derivaz et al [29]: clean and well-ordered
Al(111) surfaces were first prepared by Ne bombardment
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Figure 1. I-V curves and the related d//dV spectra (upper insets)
measured on the clean Al(1 1 1) for feedback conditions of (a)

V =-1.0V,I=100pA,and (b) V = —10 mV, I/ = 50 pA. Lower
inset: STM image of the clean Al(1 1 1) surface acquired at a
temperature of 5 K.

(800V, 5 x 10~° Torr) and subsequent annealing at 450 °C for
1 h; then atomic Ge was evaporated from a Ge(001) crystal
onto the clean and well-ordered Al(11 1) surface heated at a
temperature between 80 and 100 °C. The deposited film was
then characterized with an Omicron low-temperature scanning
tunnelling microscope (LT-STM) at liquid nitrogen (77 K) and
liquid helium (5 K) temperatures. Atomically sharp tips were
obtained via chemical etching of a tungsten wire in NaOH
solution. The wires were thoroughly heated in UHV to obtain
clean tips, the final cleaning step involving a cycle of flashes
with a duration of 10s at temperatures higher than 2000 K, to
ensure a high purity of the tungsten material at the apex [31,
32]. Such flashes were also repeated in the course of the STM
experiments to get rid of the adsorbed species and recover
an apex free of contaminants. Typical STM imaging condi-
tions with these tips were obtained for sample bias ranging
between —2.0 and 2.0V and with tunnelling set-point currents
smaller than 400 pA.

STS measurements were performed by recording both I(V)
curves and the analog derivative dI/dV curves with a Signal
Recovery lock-in amplifier, using a modulating frequency of
480 Hz, a variable modulating amplitude between 1 and 7 mV
RMS and a variable RC time constant between 10 and 20 ms.
Prior to the STM experiments with the germanene sample, the
tips were tested on a clean Al(1 1 1) surface to make sure that
the tunnelling spectra were featureless between —1 and +1V
and in particular around the Fermi level. As shown in figure 1,
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Figure 2. Large scale filled-state STM image of monolayer
germanene on Al(111). Typical Y-shape defects are shown in
dashed circles. Image parameters: sample bias V = —1V, current
I =50 pA, temperature T = 77 K.

the absence of any features in the I(V) and dI(V)/dV curves is
consistent with a constant LDOS for the tip apex. The acquisi-
tion of local spectra measured at constant tip-sample separa-
tion can also be extended to a grid of pixel in a STM image.
The method, denoted current imaging tunneling spectroscopy
(CITS), was performed by acquiring a 64 x 64 grid of spectra
simultaneously with the STM images consisting of a grid of
256 x 256 pixels. Between the measurements of two consecu-
tive spectra, a constant stabilization voltage was applied to the
sample and the feedback loop was active, so that the tip height
was adjusted to maintain a constant tunnelling current and
safely moved to the next pixel.

3. Results

Figure 2 shows a large scale STM image obtained for a full
coverage of the AI(111) surface with germanium. Multiple
terraces are visible. They are separated with a step height of
2.3 A, which compares well with the Al(1 1 1) step height. All
the terraces are covered with the same periodic array of bright
protrusions showing a hexagonal symmetry. The distance
between two neighbouring protrusions is 8.7 £ 0.2 A. The
observed structure is compatible with the previously reported
3 x 3 reconstruction of germanene compared to the period-
icity of the AI(111) lattice [20, 30, 33]. In this configuration,
previous theoretical calculations showed that the protrusions
correspond to a Ge atom that is uplifted by 1.5-2.1 A com-
pared to the other atoms in the unit cell, producing a hexagonal
lattice in the STM image [30, 33]. We also note the presence
of a few Y-shape structures characterized by three bright pro-
trusions and a fourth one in the hollow site between the three
top Ge atoms (two of these Y-shape structures are highlighted
by dashed circles in figure 2). For this sample, the concentra-
tion of the Y-shape defects was 9 x 10'' cm~2. Finally, bright
clusters are seen here and there, that we attribute to the slight
extra amount of germanium adsorbed on the surface.

STS measurements were performed on this surface,
with particular attention to the spatial dependence of the
I(V) characteristics. Figure 3(a) shows spatially resolved

tunnelling spectra on an area which includes a Y-shaped defect.
A sequence of twelve dI/dV spectra selected either on the top
Ge atoms, in the hollow sites or on the Y-shaped defect are
displayed in figure 3(b). Remarkably, they all show the same
characteristics with two peaks at —0.18V and +0.20V and a
small dip at zero bias, corresponding to the Fermi level posi-
tion in the sample. The position of the peaks and the minimum
at the Fermi level are not affected by the local environment.
Although the spectra show a high spatial reproducibility, we
have found that subsequent tunneling measurements per-
formed on similar clean and well-ordered areas with the same
tip over the course of the experiments do not exhibit the same
spectral features. Figures 3(c)—(f) show a representative set
of differential conductance measurements. In spectrum (c),
the differential conductance has a finite value when the bias
approaches zero, indicating a metallic behaviour. Conversely,
in spectrum (d), the differential conductance exhibits a zero-
conductance gap about 500 mV around the Fermi level. Much
smaller zero-conductance gaps are also found such as the one
visible in figure 3(e), with a width of 35 meV. Significant vari-
ations also exist in the number and shape of the measured
peaks and plateau, figure 3(f) exhibiting coherence peaks-like
around the Fermi level, for example.

Due the large variety of spectra encountered on the ger-
manene surface, it is important to make sure that the LDOS of
the STM tip is constant over a wide range of energy prior to
the interpretation of the spectral features. As a result, samples
with sub- monolayer coverage were also grown, so that bare
Al areas can be probed to provide reference spectra. Figure 4
shows an example of a germanene nanosheet, that grew on an
Al(111) terrace. The 3 x 3 reconstruction is still observed,
with interatomic distances and step heights that match the ones
measured at monolayer coverage. Based on the height profile
shown in figure 4, the average height of the island appears at
the same level as the rest of the Al terrace, the top Ge atoms
protruding 0.30 A above this mean level for the best tip condi-
tions. While small defective areas decorated possibly with Ge
atoms and clusters are also seen in the STM image, a large
part of the Al terrace is unaffected by the growth, allowing to
acquire reference tunnelling spectra.

Measurements shown in figure 5 were obtained with a fresh
and clean STM tip at a temperature of 5 K. In the reduced
range of bias between —0.1V and +0.1V, the I(V) curves
measured on the bare Al surface are all linear whatever the set-
point current is. This behaviour is also found on a larger bias
range, extending from —1.0V to +1.0V. It is consistent with
the spectra obtained on the clean Al(1 1 1) surface in figure 1
and agrees with the metallic nature of the substrate and the tip.
It indicates that the contribution of any surface states of the
Al surface is negligible, in particular those positioned at the
K point, 0.7eV below the Fermi level in the band gap of the
three-dimensional Al band structure projected onto the two-
dimensional Brillouin zone [34]. Indeed, these states having a
high parallel wave-vector should strongly decay into vacuum,
implying a small transmission probability. Therefore, the
linear characteristic found on an Al(11 1) terrace shows that
the LDOS of the STM tip can be considered constant over
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Figure 3. (a) Spatially-resolved tunneling spectra of a germanene area with an Y-shape defect, V = —0.4 V, I = 100 pA, T =5 K. (b)
Different spectra acquired at the location highlighted in (a). (¢)—(f) Different d/ /dV acquired on monolayer 3 x 3 germanene on Al(111),
measured at different temperatures with different setpoint bias and currents. (c) 77 K, —0.25V, 100 pA. (d) 77 K, —0.75V, 100 pA. (e) 5 K,

—0.2V,90 pA. (f) 5K, —0.2V, 60 pA.
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Figure 4. STM image of submonolayer germanene growth on
Al(111). V=—-1.5V,I1=50pA.T="77K. Inset: height profile
measured across the germanene island along the dashed line.

the whole energy range. Reference spectra being established,
the same tip was used to probe the germanene island located
nearby, as pointed out in the STM image of figure 5. Again,
I(V) were recorded with different set-point currents to assess
any influence of the tip-sample distance as the tip becomes
closer to the surface with increasing currents. Remarkably, all
I(V) curves measured on the germanene island match the I(V)

3 [ T T ]
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Figure 5. I-V curve measured as a function of setpoint current on
Al(111) and germanene areas indicated by crosses in the STM
image of the upper inset at 5 K. Inset: similar I(V) curves measured
on a wider bias range with a setpoint current of 1 nA.

curves measured on the Al(1 1 1) surface, These measurements
show a clear metallic behaviour, which highlights the strong
electronic coupling between germanene and aluminium, pre-
venting the formation of a small band gap in germanene.
During the run of the experiments with the same tip, the
acquisition of the additional spectra in other areas confirmed
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Figure 6. Two different example of dI/dV spectra measured on Al(1 1 1) and germanene of non-trivial interpretation. Both couple of
spectra have been acquired at 5 K, (a) V = —0.5V, I = 60 pA, (b) V = —0.1V, 500 pA.

the similarity of the spectra acquired on the bare Al(11 1) sur-
face and the germanene islands. However, the shape of the
spectra was different from the initial linear behaviour. Two
examples are shown in figure 6. In figure 6(a), a dip, that could
be approximated with a V-shape-like function, is clearly seen
in the differential conductance of both entities. Since this fea-
ture centred at the Fermi level is not expected for the Al(111)
surface, we dismiss its origin to be related to the existence
of a Dirac cone in the germanene nanosheet. Alternatively,
figure 6(b) exhibits a strong peak, which is slightly shifted by
3.5 mV above the Fermi level. Again, the STS measurements
between the Al surface and the germanene islands show the
same peak, albeit to a modification of the peak intensity. As
such a peak is not expected for the Al(1 1 1) surface, we rule
out it to be caused by the electronic structure of the germanene
nanosheet. Therefore, the diversity of the spectra obtained as
the tip becomes used points to its crucial contribution to pro-
duce the spectral features visible in figures 3 and 6. These
change of behaviors with time suggests that the tip gets con-
taminated as it probes the sample.

So far, in the literature has been shown that the STM tip
can induce a change of the germanene structure at room
temperature, switching between a honeycomb lattice to a
hexagonal lattice [33]. However, we have encountered more
dramatic events at low temperatures. As shown in figure 7, a
germanene island can be disrupted when the tip is scanning
on top of the nanosheet. The lower part of the island visible
in figure 7(a), that exhibits a typical 3 x 3 reconstruction
and the characteristic step height (see figure 7(b)), has dis-
appeared in figure 7(c), leaving behind a large cluster with a
height of 2.1 nm at the bottom right of the island. At the place
of the island, the bare Al surface is partially recovered, but
sparsely decorated with small clusters. Moreover, a narrow
crack appears in the surface, as shown in figure 7(d), and its
existence suggests that some Al atoms have been stripped
off during the manipulation of the Ge adlayer. While most
of the Ge and Al atoms, that were removed, have certainly
been incorporated in the clusters seen on the surface, we
cannot rule out the adsorption of atoms and clusters on the
tip apex also. Figure 8 reveals another example of the surface

modification under scanning conditions. The topographic and
current images in figures 8(a) and (b) show an isolated ger-
manene island. Upon the measurement of an I(V) curve with
a close feedback loop in the top left part of the STM image, a
germanene island appears in figures 8(c) and (d). During the
next scans with constant feedback conditions, the surface is
found to evolve to the final arrangement of the terraces seen in
figures 8(e) and (f). Surprinsigly, some new terraces show the
3 x 3 structure of germanene, meaning that nanosheets have
been redeposited or displaced under the action of the STM tip.
Although the occurrence of such events is the exception rather
than the rule, they emphasize on the fragility of the germanene
adlayer. This is consistent with the weak adsorption energy
calculated for Ge atoms on the Al(1 1 1) surface [33, 35].

As an additional hint for the key role of adsorbed species
at the tip apex in STS, we show CITS result in figure 9. The
high resolution STM image of the 3 x 3 reconstruction of ger-
manene simultaneously acquired with the grid of I(V) and d/
(V)/dV curves, reveals sequences of topographic lines with a
high density of glitches. Two types of regions exist, one with
a low level of noise and one with a higher level of noise. The
analysis of the spectra reveals the existence of two sets of
spectra, consistent with the absence or presence of noise in
the STM image. The lower spectrum in figure 9(b) shows a
peak at negative bias and an apparent band gap of 50 mV, that
extends more above the Fermi level. The upper spectrum of
figure 9(b) resembles the lower one, but the peak is shifted
towards the Fermi level and the apparent band gap is almost
closed. The change of the image quality is therefore correlated
with the change observed in the differential conductance. At
a bias of —20 mV, which corresponds to the bias of the peak
seen in the lower spectrum, the differential conductance is
the highest in the topographic areas free of glitches (figure
9(c)). Such a correlation is emphasized when a line of spectra
is plotted along the dashed line indicated in the STM image
(figure 9(d)). As the area probed by the tip is clean and well-
ordered, such measurements demonstrate the STM tip is at
the origin of these sudden but repeatable changes in the tun-
nelling spectra. Based on these three examples, we believe
that, despite the low temperature of the experiments, the STM
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Figure 7. (a) Initial STM topography of a germanene island. (b)
Atomically resolved image of the lower edge of germanene island,
showing the typical 3 x 3 structure. Inset: height profile across
the germanene island along the dashed line. (¢) STM topography
of the island after its unintentional manipulation. (d) Zoom on the
removed area, with height profile in the inset. All the images were
acquired at 77 K, V = —1V, I = 50 pA.

tip can be easily contaminated by single atoms or clusters of
Ge or/and Al atoms, resulting in characteristics with complex
shapes.

4. Discussion

The similarity of the spectra measured on the bare Al(111)
islands and on the germanene nanosheets indicates a tunnel-
ling current dominated by the band structure of the Al crystal
close to the Fermi level. We attribute this effect to the sig-
nificant charge transfer calculated between the Ge atoms in
contact with the Al(1 1 1) surface [30, 36], that certainly keeps
the transmission probability high across the tunnelling junc-
tion. However, with continuous scanning of the surface over
time, the spectra deviate from this linear behaviour around the
Fermi level and show apparent gaps and peaks. We attribute
the presence of these features to the formation of a nonconstant
tip LDOS. Although the existence of tips with a nonuniform
density of states has been reported in the literature [24-28],
we note that the probability to get such a tip is rather high
with a germanene sample. Due to the weak bonding of the Ge
adlayer that arises from the jellium-like character of the elec-
tron distribution at the AI(1 1 1) surface [29], the germanene
nanosheets can easily lose atoms or clusters, that adsorb on
the tip apex resulting in nonconstant tip LDOS. Opposite to
graphene, where small flakes have been displaced on a surface
without any alteration [37, 38], we have always failed in con-
trolling the manipulation of a germanene nanosheet to slide
on the Al(111) surface. Manipulation have always led to a

drastic transformation of the sheet, causing either the forma-
tion of clusters on the surface (figure 7) or the reshaping of
the terraces to produce new germanene islands (figure 8). This
observation is in agreement with the difficulty to maintain Ge
atoms in a plane, as observed with high-resolution transmis-
sion electron microscopy where two-dimensional Ge clusters
have been found to morph into stable three dimensional clus-
ters [39].

Based on the different apex termination that are likely
to occur, we can speculate on their impact on the tunnel-
ling spectra. For example, the weak attachment of a small
Ge crystallite at the end of the tip could give rise to a double
tunneling junction structure, where electrons would be trans-
ferred through the states of the nanocrystals. As a result, the
tunnelling spectra exhibit a zero conductance gap, which is
caused by the band gap of the nanocrystal. This configuration
accounts for the spectra with the largest apparent band gap,
like the one seen in figure 3(d), the width of the band gap
being consistent with the one reported in the literature for Ge
nanocrystals [40]. Smaller Ge crystallites can also exist. In
particular, a wide range of Ge clusters have been predicted
to exist [41]. Depending on the Ge cluster size, theoretical
calculations of the separation between the highest occupied
and lowest unoccupied molecular orbitals yield value in the
range of the apparent band gap found by the STS measure-
ments [42, 43]. Instead of crystallites, amorphous Ge clus-
ters could also self-assemble at the tip apex. They might have
a density of states that can be relatively high in the vicinity
of the Fermi level. Tunnelling through such a quasi-metallic
cluster also results in an apparent band gap in the spectra
due to electron-electron interaction. This Coulomb gap was
estimated by Efros [44] and can explain the observation of
spectra with small apparent band gap of a few mV to tens of
mV, as the ones seen in figures 3(e) and (f). Similar behav-
iour should arise when Ge clusters are doped with W atoms
of the tip or Al atoms of the surface [45, 46]. Missing areas
of the Al surface were observed after the manipulation of the
germanene islands (figure 7(d)), suggesting that Ge clusters
containing Al atoms could exist at the tip apex. In this case,
the observation of a Fano resonance is possible, similar to the
peak seen in figure 6(b), since interference effects between
direct tunnelling from the tip to the surface and tunnelling
through the energy level of the Al impurity might occur [47].
Clusters with different stoichiometry may exist and we could
even imagine to stabilize Al-rich clusters. Depending on
the number of Al atoms, it has been shown that some clus-
ters become more stable with a magic number of Al and Ge
atoms. A typical example is Al icosahedral clusters consisting
of 13 atoms, whose stability increases by substituting an Al
atom with a Ge atom [48]. If weakly bound to the tip, such
a cluster, could give rise to an apparent band gap in the tun-
nelling spectra [49]. It is interesting to note that mixture of
Al and Ge films were found to show an enhanced supercon-
ductivity [50, 51], above the critical temperature of Al. Thus,
we cannot rule out that these clusters show similar properties.
The existence of superconducting clusters at the end of the
tip could account for a vanishing DOS at the Fermi level or
the observation of coherence peaks-like, similar to the spectra
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Figure 8. Sequence of STM images showing the real time appearance of germanene island. (a) Initial configuration of a hexagonal
germanene island, with the related current image (b). (c) and (d) Modified configuration. The new terrace is a monolayer germanene step as
shown in (d). (e)—(f) Final equilibrium position, with a bilayer+monolayer. All the images have been acquired at 77 K, V = —1V,

I=5pA.
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Figure 9. (a) Topography of a defect-free germanene area, V = —0.15V, I = 50 pA, T = 5 K. (b) The two classes of spectra measured
during the CITS. (c) Differential conductance map, measured at —20 mV, blue and red as in (b). (d) Strips view representation of the 64

spectra along the green line in (a).
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observed in figures 3(f) and 6(a). Finally, as mentioned above,
examination of Ge clusters with transmission electron micros-
copy have revealed the transformation of the clusters under
the electron beam. These transformations can reach different
equilibrium geometries or even lead to the fragmentation of
the clusters with time, causing the appearance of different fea-
tures in the tunnelling spectra. They could also explain the
glitches observed in figure 9 [39].

5. Conclusion

In summary, we have performed intensive tunnelling spectro-
scopic measurements of the germanene surface, taking care of
comparing the spectra with reference spectra obtained on the
bare Al(111) surface. When clean STM tips are used, a linear
behaviour of the I(V) characteristics is found and indicates a
metallic surface. However, as the tips become used, signifi-
cant changes in the shape of the spectra occur, even though
the spectra are spatially and temporally reproducible over a
few hours. We attribute these changes to the weak bonding of
the germanene layer with the Al(1 1 1) surface and the ease for
the tip to capture Ge, Al or Ge-Al clusters. The vast zoology
of these clusters explains the diversity of the spectra observed
during the experiments. Our results highlight the instability
of the germanene sheet when it loses contact with the Al sub-
strate underneath, consistent with the lack of two-dimensional
Ge crystallites in the gas phase. While they call for a greater
care in the interpretation of tunnelling spectra acquired on
fragile two-dimensional atomic crystals that do not exist in
nature, they also bespeak the unforeseen richness of the elec-
tronic structure of Ge and Al clusters.
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ABSTRACT: Semiconductor nanoplatelets, which offer a compelling
combination of the flatness of two-dimensional semiconductors and the
inherent richness brought about by colloidal nanostructure synthesis, form
an ideal and general testbed to investigate fundamental physical effects
related to the dimensionality of semiconductors. With low temperature
scanning tunnelling spectroscopy and tight binding calculations, we
investigate the conduction band density of states of individual CdSe
nanoplatelets. We find an occurrence of peaks instead of the typical steplike
function associated with a quantum well, that rule out a free in-plane
electron motion, in agreement with the theoretical density of states. This
finding, along with the detection of deep trap states located on the edge

facets, which also restrict the electron motion, provides a detailed picture of
the actual lateral confinement in quantum wells with finite length and width.

KEYWORDS: CdSe nanoplatelets, nanocrystals, quantum confinement, dimensionality, scanning tunneling spectroscopy, traps

n condensed matter physics, a stepwise reduction of the

dimensionality from bulk to the nanoscale is known to lead
to striking electronic and optical properties such as the giant
oscillator strength transition for two-dimensional (2D) semi-
conductor quantum wells' and the spin-charge separation in
one-dimensional (1D) systems.2 However, in contrast to
metals, the lateral confinement in semiconductor materials
competes with the exciton Coulomb interaction, which can be
magnified by dielectric mismatch. Due to the complexity of
these interactions,” the degree of freedom in the electron
motion remains poorly understood, whereas its clear circum-
scription could significantly improve the optoelectronic
performances of quasi-2D systems such as CdSe colloidal
nanoplatelets (NPLs).

Since the distribution of the quantized states, the so-called
density of states (DOS), reflects the restrictions of the electron
motion with dimensionality, it can serve as a genuine
fingerprint to unambiguously disclose the confinement
experienced by the charge carriers. A unique way to probe
the DOS consists in measuring single-particle excitation
spectra with scanning tunnelling spectroscopy (STS)."”’
Here we used this technique to study electron confinement
in colloidal CdSe nanoplatelets (NPLs), which have a
quantized thickness d due to a discrete number of monolayers
(MLs) and a rectangular shape with finite length L and width
W. Recently, Ji et al. have demonstrated that the hole DOS is
consistent with a free in-plane motion, while the electrons have

© 2021 American Chemical Society

7 ACS Publications

a more complex DOS that deviates from the simple 2D
model.® When W or/and L are smaller than ten to five times
the exciton Bohr radius, the electron behavior, which has a
smaller effective mass than the hole, becomes affected, with a
significant impact on its interaction with the hole and the
dielectric image charges. The already present complexity in
understanding electron—hole correlation in these box-shaped
nanostructures is further enhanced with the existence of
electrical surface traps, which are caused by the sporadic
absence of ligands. It makes the electron confinement in the
NPLs still unknown, leading to intense debates about their true
dimensionality.”"°

In this study, two sets of CdSe NPLs capped with oleate
ligands having thicknesses of 5.5 ML (ds ¢ = 1.65 nm) and 7.5
ML (d, 5 = 2.25 nm) were synthesized.""'* While transmission
electron microscopy (TEM) shows the overall rectangular
shapes of the NPLs and yields their lateral sizes, (21 +2) X (7
+ 1) nm? for the 5.5-ML-thick NPLs and (45 + 10) X (9 = 1)
nm? for the 7.5-ML-thick NPLs (Figure 1a and Figure S1), the
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Figure 1. a) TEM, b) SEM, and c) AFM images of S5.5-ML-thick
NPLs deposited on the Au surface. d) Absorption and e)
photoluminescence spectra at room temperature of 5.5 and 7.5 ML
NPLs in solution. f) Photoluminescence spectra at T = 4.2 K of 5.5
and 7.5 ML NPLs drop-casted on glass substrate. Spectra are offset for
clarity. The dashed line indicates the baseline for 7.5 ML. The
contribution of 6.5 ML NPLs in the PL spectrum is enhanced by a
factor of 6 for clarity. The arrow indicates the deep trap emission in
the PL spectra of 5.5 ML NPLs.

thickness of the NPLs is directly obtained from their optical
properties. The optical absorption spectra measured at room
temperature are dominated by two absorption lines (Figure

1d), attributed to the formation of excitons composed of the
1S electron (e;) in the conduction band (CB) and the 1S5/,
heavy holes (hh) and light holes (Ih) in the valence band."® At
room temperature, the photoluminescence (PL) spectra
consist of a single sharp Lorentzian line from the radiative
recombination of hh excitons (Figure le). As the NPL
thickness decreases, the hh exciton energy steadily increases
because of stronger vertical quantum confinement."> The
additional feature observed at 2.13 eV in the PL spectra of 7.5
ML NPLs is due to the presence of a small fraction of 6.5 ML
NPLs. At cryogenic temperature (Figure 1f), the PL spectra of
the NPLs exhibit an emission doublet, with decreasing
separation for larger NPL thicknesses, which is attributed to
the radiative recombination of the hh exciton (hi§h energy
peak) and its negative trion (low energy peak).'"" The PL
spectra measured at T = 4.2 K reveals the presence of a small
and broad band in an energy range extending below the band
gap energy. It is attributed to the recombination through trap
states in the band gap,'> which are caused by the incomplete
passivation of surface dangling bonds (DB) with organic
ligands.

While insightful, optical transitions do not provide a direct
access to the energy levels of the NPLs. In particular, the
relative positions of the trap states with respect to the Fermi
level remain unknown. To this aim, the NPLs were drop-casted
on gold surfaces to be studied with STS. Their arrangement
was first observed with scanning electron microscopy (SEM)
and atomic force microscopy (AFM). As shown in Figure 1b,c,
the 5.5 ML NPLs stack to form columnar assemblies. Only a
small number of 5.5 ML NPLs adsorb in a flat-lying geometry.
For this configuration, the apparent height measured from the
scanning tunnelling microscopy (STM) image yields 4.2 nm
(Figure 2b,c). This value is consistent with a NPL thickness of
1.65 nm surrounded by tilted oleate ligands (around 2 nm in
length) on top and bottom Cd-rich (100) facets. In contrast to
the 5.5 ML NPLs, the majority of the 7.5 ML NPLs was found
flat on the Au surface (Figure S2). We attribute this change to
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Figure 2. a) Illustration of the STS on individual flat-lying NPL. b) STM image of two flat-lying CdSe NPLs with a thickness of 5.5 ML and c)

corresponding height profiles. Tunneling conditions: Ve

—1.5V, I, =S pA. STS of a 7.5 ML NPL (black) and a 5.5 ML NPL (red) measured

atd) T =77 Kand e) S K, respectively. The separation between the lowest peak in the conduction band and the highest peak in the valence band,
labeled e, and hh, respectively, is indicated. The light hole/split-off state is labeled Ih/so.
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Figure 3. a) STM image of a stack of CdSe 5.5 ML NPLs. Tunneling conditions: Veample = —=5.0V, I; = 10 pA. b) (top) Height profile measured at

the position of the horizontal segment in a), across a larger area image than the one shown in the STM image. (Bottom) Height profile on top of
the stack pointing out the inter NPL distance. c) STS of a trap-free NPL within a stack measured at different set point currents as indicated in the
graph. Feedback voltage: V... = —1.5 V. Arrows point to the shift observed with increasing set point currents for the lowest peak in the
conduction band e; and the highest peaks in the valence band labeled hh and lh/so, respectively. Inset: schematic of a stack of NPLs probed with a
STM tip. d) Sequence of three differential conductance spectra acquired on a stacked NPL bearing a trap state and averaged over a few successive
curves between charging and discharging events. e, indicates the position of the first electron sub-band, while the downward arrow indicates the
highest trap state in the band gap of the NPL. The curves are offset for clarity. Feedback conditions: Vi, = —1.8 V, I, = 80 pA.

dichloromethane that was used as a solvent for the 7.5 ML with a recent STS work.® This behavior clearly departs from
NPLs to reduce clustering effects. the typical steplike function observed in the tunneling spectra
For the sake of clarity in the data interpretation, tunnelling of semiconductor quantum wells.”'” Its observation rules out
spectroscopic measurements were first acquired on the isolated the simple picture of an electron moving freely in two
and flat-lying NPLs (Figure 2a), which show the typical dimensions.
configuration of resonant tunneling across a double tunneling We now turn to the tunnelling spectra measured on the
junction. In this geometry, by choosing tunnelling currents stacks. As shown in the STM topography of Figure 3a, the
smaller than 100 pA as set points, the width of the STM tip- NPLs are individually resolved within a stack. An average
NPL junction is usually larger than the one of the NPL-gold separation of 4.3 = 0.1 nm between the NPLs (Figure 3b)
junction and limits the current. In such a situation, where an suggests an entwinement of the ligands for the largest facets
electron tunneling from the tip to the NPL leaves the NPL which are face-to-face. The thickness of the whole junction
before a second electron arrives, the zero-conductance region reaches about 7.5 nm in STM, in agreement with the average
(ZCR), surrounded by peaks at positive and negative sample width of the NPLs and a disordered layer of ligands on the side
voltages, 7gives access to the quasiparticle band gap of the facets (inset Figure 3c). Based on the height profiles (see also
NPLs.'”"” The peaks occur at voltages that correspond to the Figure S2), the NPLs lie along their longest edge,”*”’
energy levels of the NPLs plus the polarization energy of the providing another access to the DOS from the side facets.
charge carriers divided by the capacitance ratio of the two Tunneling spectra fall into two classes. Some NPLs show a
junctions, the so-called lever arm."® Examination of the ZCRs ZCR similar to the one observed for the flat-lying NPLs
in Figure 2d,e shows larger apparent band gaps for thinner (Figure 3c). In this case, the gap is surrounded by an intense
NPLs, with values consistent with those measured in ref 8. peak at positive bias and a doublet peak at negative bias. As the
While the lever arm is close to one for the 7.5 ML NPLs with ZCR increases with higher set point current,'®**** we
partially chloride-passivated facets, smaller lever arms of 0.80— unambiguously identify the intense peak as an electron level
0.85 are occasionally found for 5.5 ML NPLs, due to the in CB and the doublet peak in VB as the hh and lh/so states.
smaller in-plane dimensions and the thicker NPL-gold junction Notice that the peaks in CB are usually more intense in
consisting of long oleic acid ligands only. For these few spectra comparison with the peaks found for the flat-lying NPLs, while
exhibiting apparent band gaps much larger than the optical the apparent band gap is unchanged, as discussed in the
gap, two neighboring peaks, separated by 200 mV, are clearly Supporting Information. In other cases, the spectra still exhibit

seen at negative bias (Figure 2d, 5.5 ML NPL). They are the highly intense peak at positive bias, yet the ZCR is
attributed to the heavy hole (hh) and light hole/split-off (Ih/ inconsistently smaller than the optical gap of the 5.5 ML NPLs.

so) states, the mixing between the lh and so bands arising from For example, in Figure 3d, the ZCR is a mere 1.63 eV, while
a 2D confinement.” Most importantly, whatever the size of the the optical gap measured in Figure 1f was 2.33 eV. Such a
NPLs that are probed, the STS measurements consistently behavior was not seen for the flat-lying NPLs. Moreover,
reveal the presence of one or several peaks in CB, in agreement recording hundreds of consecutive spectra over 30 min with
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Figure 4. Theoretical conduction band density of states of CdSe nanoplatelets. a) DOS of infinitely long NPLs with a width of 6 nm and varying
thicknesses. b) DOS of infinitely long NPLs with a fixed thickness of 5.5 ML and different widths. Due to the higher number of states contributing
to the DOS for larger widths, the calculation becomes quickly limited to the lowest states. c) DOS of NPLs with a thickness of 5.5 ML, a width of 4
nm and different lengths. d) Comparison between two differential conductance spectra (black, labeled Exp.) and the theoretical DOS (red, labeled
Theo.) of 5.5 ML NPLs with L = 30 nm and W = § nm. Experimental conditions: Viample = —1.8 V, I, = 100 pA, temperature 5 K. The curves are

offset for clarity.

the same feedback parameters reveals the occurrence of sudden
shifts in the onset of the current at positive bias (Figure S3).
This result mirrors the typical spectral diffusion phenomenon
obtained on the PL emission line width of individual
nanocrystals attributed to charge fluctuation in the local
environment of the NCs.”** Altogether, these results point
toward the presence of states within the band gap of CdSe
NPLs (Figure S4).

In the literature, the trap states at the surface of colloidal
semiconductor nanocrystals have been designated as the main
source of in-gap states.”®”” These trap states stem from the
DBs of unpassivated atoms at the nanoparticle surface. For
CdSe nanocrystals, it has been predicted that selenium DBs at
the surface of the nanocrystal would be the main source of
electrical traps.'””®*” In contrast with spherical nanocrystals,
NPL facets are very well-defined upon their orientation. Top
and bottom facets are pure Cd {100} facets, while the side
facets can consist of Se rich facets. Here, the comparison
between the spectra acquired on the flat-lying NPLs and those
acquired on NPL within stacks indicates that traps states are
only detected when NPLs rest on their edge. This finding is
consistent with conclusions drawn from macroscopic analyses
of the NPLs, which pinpointed a preferred localization of trap
states at the NPL edges. On these facets, the ligands are the
most labile, and their desorption favors the formation of two-
coordinated selenium surface atoms.'"** The nature of the
DBs in CdSe NPLs is further supported by the relative
energetic position of the trap state in the band gap. These deep
states, that lie below the Fermi level, are found almost midgap,
in agreement with DFT calculations assuming Se DBs."'

When tunnelling charge carriers are captured or released by
a deep level, clear stepwise changes occur in single real-traces
signatures of charging or discharging events (Figure S3). These
sudden variations of the tunnelling current are seen at positive
bias only, and they are found to be distributed over a few
hundreds of meV. Several charging events can even take place
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during the same trace. These charges dramatically affect the
potential distribution between the tip and the Au surface,
which has been shown to result in a substantial shift of the CB
3031 Gimilar to ref 30, we attribute a sudden decrease of
the current to the release of one electron by a trap state to the
gold substrate, since the next trace shows a clear shift toward
smaller positive bias. Starting with N excess of electrons, the
NPL loses one electron and changes its charge state to N—1.
As a result, a larger portion of the CB becomes accessible. For
electrostatic shifts exceeding 500 meV, the differential
conductance unveils a wealth of features that, again, are not
compatible with the ones of a 2D quantum well.

In order to get deeper insight into these features, tight
binding calculations were performed to determine the CB
structure of the NPLs (see Supporting Information). Starting
with the geometry of an infinitely long NPL and a finite width
(W = 6 nm), the calculations yield the typical DOS of a
quantum wire for any NPL thickness from 2.5 to 8.5 ML
(Figure 4a). It consists of Van Hove singularities, that can be
gathered within sub-bands. The transitions between the lowest
sub-bands are clearly identified when the band structure is
plotted in the Brillouin zone (Figure SS). They correspond to a
change of the peak intensity and spacing in the DOS. As
expected, the position of the first peak, which corresponds to
the lowest sub-band, shifts toward higher energy as the
thickness of the NPL decreases because of strong confinement
(Figure 4a).

In contrast, the energy difference between subsequent peaks
is directly linked to the width of the NPL (Figure 4b). For
increasing widths and consequent reduction of lateral confine-
ment, the peak spacing decreases, revealing a steplike function
modulated by closer and closer singularities. Ultimately, the
DOS converges to a pure steplike function, the fingerprint of a
quantum well. Based on our calculations, a peak spacing of the
order of 25 meV is obtained for the lowest sub-bands of
infinitely long NPLs with a width of 30 nm. While such NPLs

states.
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could be approximated as 2D systems at room temperature,
the NPLs that are considered here, and more generally in the
literature, definitely deviate from this simple picture. The tight
binding calculations also reveal a strong influence of the NPL
length. Reducing the length to realistic lengths of 20—30 nm
leads to the formation of oscillations in the DOS between the
reciprocal square root singularities (Figure 4c). This feature
indicates the loss of a free electron motion in the plane of the
NPLs. As the motion becomes more and more restricted, the
1D DOS vanishes in favor of an oscillating DOS. Therefore,
the Van Hove singularities and the strength of the oscillating
DOS are the signature of the electron behavior in the NPLs:
their respective contribution to the DOS provides direct
insight into the lateral extension of the electron wave function.

In order to compare the theoretical DOS with experiments,
we selected NPLs, where tens of successive traces were
measured without any stepwise changes of the current at
positive bias. This condition ensures the absence of any
significant electrostatic change in the environment of the
NPLs. Two examples of spectra acquired on the stacked S.5
ML NPLs are shown in Figure 4d. They exhibit both features
of the calculated DOS: the singularities superimposed to a
small oscillation. Note that the energy difference between the
maxima of amplitude in the small oscillation is too large to be
attributed to a polaron contribution of optical phonons (26
meV for CdSe) as measured on nanocrystals.”> Instead, the
experimental DOS observed here indicates a large delocaliza-
tion of the electron wave function in the NPLs, where the
boundaries of the NPLs act as potential barriers that laterally
confine the electron wave function.

Notwithstanding the qualitative agreement with the
experimental results, the tight binding calculations quantita-
tively reproduce the experimental data for realistic dimensions
of NPLs (d = 5.5 ML; W = § nm; L = 30 nm). As the
calculations do not include any corrections for the self-energy,
our results suggest a weak self-energy of the tunnelling
electron. We explain this effect by the substantial dielectric
screening that arises from the proximity of the NPLs in the
stack and the presence of top and bottom metal electrodes.
This quantitative agreement further emphasizes the structural
quality of NPLs: any localization potential, scattering with
phonons, or defect in the lattice would dramatically alter the
DOS by notably inducing a strong broadening or even the
vanishing of the Van Hove singularities. We note, however,
that the degree of delocalization must be slightly alleviated.
The agreement between the experimental spectra and the
theoretical DOS shown in Figure 4d is only obtained when
comparing the DOS of 5-nm-wide NPLs with STS spectra
recorded on 7-nm-wide NPLs. This difference indicates that
the electron wave function does not fully extend up to the
boundaries. Despite the presence of traps on the edge of the
NPLs that modify the confining potential when they are
negatively charged, we assign the existence of the small
depleted layer along the side facets of the NPLs to a dipole
layer arising from ligands and/or surface reconstruction, which
can account for a very localized potential.*

In summary, the CB structure of CdSe NPLs has been
investigated with STS. The observation of Van Hove
singularities implies a paradigm shift on the electronic structure
of typical CdSe NPLs considered in the literature. As the
electron DOS exhibits a striking modulation that is directly
related to the length of the NPLs, delineating the in-plane
electron motion at low temperature has important con-
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sequences for a deeper understanding of the exciton
dissociation, diffusive transport, and annihilation in NPLs.
Moreover, it is shown that the side facets of NPLs host
electronic deep trap states, which cause a Coulomb blockade in
the tunnelling current. As they could be fully removed by the
formation of core-crown NPL, our results anticipate a genuine
boost for NPL-based lateral heterostructures that will notably
allow for the mixing of the dimensionalities to favor specific
electronic or optical properties.
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