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Abstract

In recent years, nanocrystal building blocks and their controlled self-assembly into highly
ordered superlattices have created new opportunities for scientists and engineers to build
novel materials with structure-related optoelectronic properties by design. However,
sufficient experimental evidence for such theoretically predicted structure-property
relationships is still lacking until now.

This cumulative dissertation is based on three publications and addresses the
question whether structural order has a significant effect on the electronic properties
of nanocrystal ensembles, focussing on m-system functionalized lead sulfide (PbS)
nanocrystals and atom-precise gold (Aug,) nanoclusters as model systems.

First, a soft-lithography technique is developed to fabricate micrometer-sized chan-
nels of long-range ordered PbS nanocrystal superlattices with dimensions approaching
the size of typical single-crystalline domains of only a few pm?. By means of microcontact
printing, hundreds of superlattice microchannels can be realized, enabling a statistically
meaningful investigation of charge transport in single-crystalline superlattice domains.
Indicated by conductivity and field-effect transistor measurements, charge transport
within those superlattice microchannels is found to be orders of magnitude more ef-
ficient compared to state-of-the art channels where transport is averaged over large
scales. This clearly emphasizes the advantage of the near single-crystalline superlattice
microchannels for the characterization of intrinsic charge transport properties.

Then, the developed microcontact printing process is applied to fabricate super-
lattice microchannels on X-ray transparent devices, enabling a correlative investigation
of the structural and the electronic properties of the same PbS superlattice domains. A
full structural characterization of the superlattice symmetry and nanocrystal orientation
within is achieved by synchrotron-based X-ray nano-diffraction in combination with
angular X-ray cross-correlation analysis. The direct correlation of structural properties,
such as superlattice type and particle spacing, with the conductivity of hundreds of
superlattice channels provides meaningful evidence for structure-transport relationships.
It is shown that the conductivity decreases with the interparticle spacing and that the
crystallinity of the superlattices has a beneficial effect on charge transport. Further,
an anisotropy of charge transport in long-range ordered monocrystalline superlattices
is revealed, based on the dominant effect of shortest interparticle hopping distances.
Thus, anisotropic charge transport could be considered an inherent feature of weakly

coupled superlattices.




Finally, atom-precise Aug, nanoclusters are self-assembled into well-defined micro-
crystals, which are investigated by grazing-incident small-angle X-ray scattering, ab-
sorption spectroscopy as well as conductivity and field-effect transistor measurements.
It is demonstrated that the conductivity and charge carrier mobility of these long-range
ordered crystalline domains exceed that of glassy assemblies of the same nanoclusters
by two orders of magnitude. Along with additionally emerging optical transitions,
this effect indicates an enhanced electronic coupling in highly ordered superstructures,
attributed to a vanishing degree of structural and energetic disorder and a significantly
reduced activation energy to charge transport.

This thesis provides experimental evidence for structure-related electronic proper-
ties of self-assembled nanocrystal superlattices and illustrates the advantageous effect

of long-range structural order on charge transport.




Deutsche Zusammenfassung

In den letzten Jahren hat die Verwendung von Nanokristallen als Bausteine neue
Moglichkeiten fiir Wissenschaft und Technik eroffnet. Durch ihre kontrollierte Selbstas-
semblierung zu hochgeordneten Ubergittern lassen sich neuartige und mafigeschneiderte
Materialien herstellen, deren optoelektronischen Eigenschaften als strukturabhéngig
gelten. Experimentelle Nachweise entsprechender theoretisch vorhergesagten Struktur-
Eigenschafts-Bezichungen sind jedoch bisher nur sparlich vorhanden. Die vorliegende
kumulative Dissertation basiert auf drei Publikationen und geht der Frage nach, ob
strukturelle Ordnung einen signifikanten Einfluss auf die elektronischen Eigenschaften
von Nanokristall-Ensembles hat. Hierfiir werden w-funktionalisierte Bleisulfid (PbS)
Nanokristalle und atomprézise Gold (Aug,) Nanocluster als Modellsysteme verwendet.

Zunachst wird eine Stempel-Lithographie-Technik entwickelt, um mikrometer-
grofle Kanéle aus langreichweitig geordneten PbS Nanokristalliibergittern herzustellen,
deren Abmessungen der Groe typischer einkristalliner Doménen von nur wenigen jim?
entsprechen. Mittels Mikrokontaktdruck kénnen so hunderte Ubergitter-Mikrokanile
hergestellt werden, was eine statistisch aussagekréftige Untersuchung des Ladungstrans-
ports in einkristallinen Ubergitterdoménen erméglicht. Anhand von Leitfahigkeits- und
Feldeffekttransistormessungen kann gezeigt werden, dass der Ladungstransport in diesen
Ubergitter-Mikrokanilen um Gréflenordnungen effizienter ist als in konventionellen
Kanélen, bei denen der Ladungstransport iiber weitaus groffere Bereiche gemittelt wird.
Dies ist ein deutlicher Hinweis auf den Vorteil einkristalliner Ubergitter-Mikrokanéle
fiir die Charakterisierung von intrinsischen Transporteigenschaften.

AnschlieBend wird der im Rahmen dieser Arbeit entwickelte Mikrokontaktdruck-
Prozess angewandt, um Ubergitter-Mikrokanile auf rontgentransparenten Substraten
herzustellen. Dies ermoglicht eine korrelative Untersuchung der strukturellen und der
elektronischen Eigenschaften derselben PbS-Ubergitterdoménen. Eine vollstandige struk-
turelle Charakterisierung der Ubergitter-Symmetrie und der Nanokristall-Orientierung
wird durch synchrotronbasierte Rontgenstreuung mit einem nanofokussiertem Strahl in
Kombination mit winkelabhéngiger Rontgendiffraktions-Kreuzkorrelationsanalyse er-
reicht. Die direkte Korrelation der strukturellen Eigenschaften, wie z.B. Ubergitter-Typ
und Partikelabstand, mit der Leitfihigkeit von Hunderten von Ubergitter-Kanélen liefert
aussagekraftige Hinweise auf die Existenz von Struktur-Transport-Beziehungen. Es wird
gezeigt, dass mit zunehmendem interpartikularem Abstand die Leitfahigkeit sinkt und
dass die Kristallinitit der Ubergitter einen positiven Effekt auf den Ladungstransport

hat. Aulerdem wird eine Anisotropie des Ladungstransports in langreichweitig geord-




neten monokristallinen Ubergittern aufgezeigt, die auf den dominierenden Effekt der
kiirzesten interpartikuldren Sprungdistanzen zuriickzufiithren ist. Somit kann angenom-
men werden, dass anisotroper Ladungstransport generell eine intrinsische Eigenschaft
von schwach gekoppelten Ubergittern ist.

Schlieflich werden atomprésize Aug, Nanocluster zu definierten Mikrokristal-
len selbstassembliert, die mittels Kleinwinkel-Rontgenstreuung im streifenden Einfall,
Absorptionsspektroskopie sowie Leitfihigkeits- und Feldeffekttransistormessungen un-
tersucht werden. Fiir dieses neuartige halbleitende Material wird gezeigt, dass die Leit-
fahigkeit und Ladungstragerbeweglichkeit von langreichweitig geordneten kristallinen
Doménen die von polykristallinen/glasartigen Anordnungen der gleichen Nanocluster
um zwei Groflenordnungen iibersteigt. Zusammen mit zusétzlich auftretenden optischen
Ubergéngen deutet dieser Effekt auf eine verstirkte elektronische Kopplung in hochge-
ordneten Uberstrukturen hin. Diese ldsst sich auf einen verschwindend geringen Grad
an struktureller und energetischer Unordnung und somit auf eine drastisch reduzierte
Aktivierungsenergie fir den Ladungstransport zurtickfiihren.

Diese Arbeit liefert somit experimentelle Hinweise auf strukturabhéngige elek-
tronische Eigenschaften von selbstorganisierten Nanokristall-Ubergittern und veran-
schaulicht die Auswirkungen von langreichweitiger struktureller Ordnung auf den

Ladungstransport.
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1. Introduction

In recent decades, semiconductors have dramatically changed the world and our soci-
ety. This was particularly evident in the global health crisis of 2020/2021, when the
coronavirus nearly paralyzed the entire world. However, a material often overlooked
in this context has kept life going by bringing many aspects of life online: Semicon-
ductor technology has allowed businesses to move their operations online and enabled
employees to work remotely, families have enjoyed video calls with loved ones, teachers
have taught lessons remotely and chains of infections were traced and interrupted using
smartphone apps. ] This is all owed to the microchips in our computers, datacenters and
smartphones, which are based on semiconductor transistors. Moreover, semiconductors
are the fundamental components in solar cells, a key player in managing the climate
crisis, and in many other components of everyday life. Initially, these devices were based
on silicon, but in the last years many other materials have been explored to achieve

tailored properties and further improve the device performances.

1.1. Motivation

Promising candidates for novel semiconducting materials with properties by design
are colloidal nanoparticles, such as semiconducting nanocrystals (NCRs) or atomically
precise metallic nanoclusters (NCLs), which are capped with ligand molecules and can
thus be dispersed in solution. Their strongly size-dependent optoelectronic properties
in combination with a solution-processed fabrication offer a powerful platform for the

development of tunable and low-cost next-generation devices!> ¥, such as transistors®%,

solar cells[™® light emitting devices®'”), photodetectors!!'? and thermoelectrics!'?

Due to recent advances in physical and chemical nanoscience, the precise fabrica-
tion of NCRs of various materials, sizes, shapes and ligand passivation with atomic-scale

1419 However, to apply these novel materials in next-

control has become possible.
generation devices, it is necessary to assemble them into structures with sizes that
can easily be handled and implemented. ?*?! Thus, using NCRs and NCLs as building
blocks to self-assemble artificial solids to create functional materials by design has

become an increasingly popular field of research. ?%23




Since the seminal work of Murray et al. in 19954, the focus of current research on
NCRs self-assembly is to achieve highly ordered superlattices (SLs) with electronically
coupled building blocks, resulting in electronic conductivity, high carrier mobilities, long
carrier lifetimes and diffusion lengths.?” In analogy to classical crystals consisting of
ordered atoms, SLs are referred to as artificial solids, where the NCRs can be considered

[26.27] The resulting properties are dictated by the building blocks them-

as quasi-atoms.
selves and their interplay.*?®! There is a wide variety of studies on the self-assembly
process and structural properties of NCR SLs7 and on their charge transport prop-
erties, including the effect of NCR size, composition and interparticle distance[®2>3842],
Nevertheless, there is a considerable lack of the fundamental understanding of the
relationship between structural order and the corresponding (opto-)electronic properties
of NCR SLs.

Up to date, it is not clear to what degree the structural order and symmetry of
the SL plays a role in determining the charge transport. 528 Indeed, computational
studies have predicted that the degree of organization and structure of the individual
nanocrystals determine the SL properties such as electronic coupling or charge trans-

[28,43-48]

port. Additionally, there are a few first experimental attempts addressing these

s[29:4952] “wwhich hint towards a possible effect of structural order on charge

question
transport. A more comprehensive discussion of previous studies on structure-dependent
properties of NCR assemblies is given in Section 2.4.2.2. Nevertheless, a holistic explana-
tion of the relation between structural order and charge transport in self-assembled SLs
has not yet been achieved experimentally, as this has proven to be challenging. 4749153

The growing technological and scientific appeal of these NCR SLs requires an
understanding of such fundamental properties, which are extremely important for

developing new materials and devices.




1.2. Objective of this thesis

In order to understand the overall picture of charge transport in NCR SLs, a correlative
investigation of electronic transport and structural properties is required, which has not
yet been established. Thus, fundamental questions are still pending: What is the effect
of long-range order on the electronic properties? Does the degree of structural order
influence the electronic coupling within SLs? Do polycrystalline and monocrystalline
NCR assemblies differ in conductivity? Are the (opto-)electronic properties of NCR
SLs influenced by the SL size, type and orientation? Is charge transport within NCR
SLs isotropic?

Accordingly, this thesis addresses the question “Does structural order have a
significant effect on the (opto-)electronic properties of nanocrystal assemblies?” by corre-
latively investigating structural and electronic properties of two model systems, namely
assemblies of lead (IT) sulfide (PbS) NCRs and atom-precise gold NCLs Augs("BusP)2Clg
(Aug,).

PbS NCRs were chosen as a model system, as they are among the best understood
systems. °*% The use of PbS NCRs functionalized with organic semiconductor molecules
provides a great platform for the investigation of structure-transport correlations, as
these self-assembled SLs offer an ideal compromise between long-range order and
electronic coupling. [P6-57-60]

However, the influence of the inherent NCR size distribution and thus energy
fluctuations on the electronic coupling in NCR assemblies is still unknown. *>%1 To elim-
inate these energy fluctuations, atom-precise Aus, NCLs were chosen as another model
system, being extremely promising building blocks with perfect size and shape unifor-
mity. %92 Although there exists a plethora of atom-precise NCLs with well-established
synthesis and characterization routes, only few have been used as building-blocks to
fabricate functional devices.%*%% In the present thesis, these nanoclusters (NCLs) are

also included under the term “nanocrystals” (NCRs) for the sake of consistency.

Unravelling fundamental correlations between structural order and electronic transport
properties in self-assembled NCR SLs would provide a deeper understanding of the
charge transport mechanisms and paves the way towards specifically controlling the

(opto-)electronic properties of NCR assemblies.




1.3. Outline of this thesis

This cumulative thesis is organized as follows and graphically outlined in Figure 1.1:

Chapter 2 introduces the relevant fundamentals of colloidal NCRs and atom-precise
NCLs as well as the concepts of self-assembly and SLs. Further, the theoretical basics of
charge transport in NCR ensembles are given, followed by a comprehensive discussion
of the current state of research on this field. Then, the experimental approaches to
study the properties of self-assembled SLs are introduced, including structural as well
as electronic properties. Finally, some basic microfabrication techniques are briefly

introduced.

Chapter 3 deals with the development of a soft-lithography technique to fabricate
devices with micro-patterned PbS NCR SLs on microelectrodes, forming microchan-
nels with dimensions of the size of SL single domains. The Chapter is based on the
publication “Fabrication of nanocrystal superlattice microchannels by soft-lithography

for electronic measurements of single crystalline domains”, published in Nanotechnology.

In Chapter 4, the technique developed in Chapter 3 is applied to fabricate microchannels
on X-ray transparent devices. This allows to correlatively investigate the structural
and electronic properties of the same SL domains, finally revealing anisotropic charge
transport in coupled PbS NCR SLs. This Chapter is based on the publication “Structure-
transport correlation reveals anisotropic charge transport in coupled PbS nanocrystal

superlattices”, published in Advanced Materials.

In Chapter 5, self-assembled micro-crystals of Aug, NCLs are investigated and compared
to glassy, polycrystalline thin films of the same NCLs. It is demonstrated that the
micro-crystals exhibit enhanced charge carrier transport together with additionally
emerged optical transitions due to structural long-range order. This Chapter is based
on the publication “Structural order enhances charge carrier transport in self-assembled

Au nanoclusters”, published in Nature Communications.

Chapter 6 provides a comprehensive summary of the results and the conclusion of this

thesis, along with an outlook, how this research could be continued.
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Figure 1.1: Graphical outline of this cumulative thesis, based on peer-reviewed pub-
lications. Chapter 3: Fabrication of nanocrystal superlattice microchannels by soft-
lithography for electronic measurements of single crystalline domains (published in
Nanotechnology). Chapter 4: Structure-transport correlation reveals anisotropic charge
transport in coupled PbS nanocrystal superlattices (published in Advanced Materials).
Chapter 5: Structural order enhances charge carrier transport in self-assembled Au
nanoclusters (published in Nature Communications).




2. Theoretical & scientific fundamentals

In this Chapter, the fundamental theoretical and scientific background and the experi-
mental approaches are provided. First, nanoparticles, NCRs and NCLs are introduced,
together with the concepts of self-assembly and SLs as well as the basics of charge
transport in NCR ensembles. Then, characterization techniques to study the structural
and electronic properties of NCR assemblies are provided, followed by the basics
of common microfabrication techniques and an introduction to soft-lithography and
microcontact printing.

This Chapter is intended to enable a reader who is not familiar with the theoretical
and experimental concepts to understand the basis of this thesis. A detailed discussion
of the presented fundamentals is beyond the scope of this work, but references to further

literature are given throughout the Chapter.

2.1. Nanoparticle building blocks

Nanoparticles are nanometer-sized fragments of metals, semiconductors, dielectric or
organic materials and are extensively researched for applications in diverse fields such
as biology, medicine and optoelectronics. ' Nanoparticles have significantly different
properties than the respective bulk materials. The surface area to volume ratio becomes
larger the smaller the solid under consideration, which leads to significantly increased
surface energies and reactivities.® The tremendous developments of the past decades
have enabled finely tuned syntheses for the realization of nanoparticles of various
materials, sizes and shapes.'®'®] One growing field of research is the use of nanoparticles
as versatile building blocks for the self-assembly of novel materials with properties by
design, which is also the focus of this thesis.

The following Section introduces semiconductor NCRs and their size-tunable
properties as well as atom-precise NCLs. Details are provided for the model systems

used in this thesis, PbS NCRs and Auzy NCLs.




2.1.1. Semiconductor nanocrystals

Colloidal NCRs in particular are crystalline fragments of inorganic materials with
diameters of ~ 2-20 nm and consist of approximately ~ 102-10* atoms. ['%576% Typically,
long-chain hydrocarbons are used as ligand molecules whose functional head groups
bind to the surface of the NCR.[™ This passivation prevents agglomeration of the NCRs
due to steric stabilization and allows stable dispersion in nonpolar solvent. "]
Semiconductor NCRs are a subset of NCRs and commonly consist of II-VI, ITI-V,
and IV-VI semiconductors, prepared by means of inexpensive and scalable solution-
processed synthesis. #0772 In macroscopic semiconductor materials, a small band gap
E,.p separates the conduction band (CB) from the valence band (VB). An electron (e™)
can be excited, by e.g. absorption of light, from the VB into the CB, leaving behind a
positively charged defect electron or hole (h*).[™] Due to electrostatic Coulomb interac-
tion, this electron-hole pair, referred to as exciton, can be described as a quasiparticle,
featuring a characteristic spatial delocalization length. This is quantified by a material
specific parameter, the exciton Bohr radius. Semiconductor NCRs are often referred to
as quantum dots, indicating the occurrence of size-dependent quantum effects, which

dramatically alter their optical and electronic properties. *%7]

2.1.1.1. Quantum confinement

In NCRs with sizes smaller than its exciton Bohr radius, the excitons are spatially
constricted in three dimensions, which is called quantum confinement. ®”) Consequently,
the band gaps of NCRs increase with decreasing particle size due to strong confinement
and the electronic states become more discrete. 7 The emerged CB and VB band edges
are termed 1S, and 1Sy, for electrons and holes, respectively. "l This is schematically
illustrated in Figure 2.1. The effect of quantum confinement gives rise to unique optical
and electronic properties of colloidal semiconductor NCRs, as the energetic levels and
thus both the absorption and emission wavelength can be tuned by changing the size of
the NCRs.
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Figure 2.1: [Illustration of the quantum confinement effect of nanocrystals and
nanoclusters. The bandgap Ej,, separates the CB and VB of a semiconductor. Excita-
tion results in the formation of excitons (e”-h* pairs). For NCRs, Eg,p increases with
decreasing particle size. 1S, and 1Sy, correspond to the CB and VB edges. For metal
NCLs with a limited number of atoms, a band gap occurs, separating the HOMO and
LUMO, such as in molecular compounds.

2.1.1.2. Lead(II) sulfide nanocrystals

One of the most extensively investigated NCR systems are lead(II)sulfide (PbS) NCRs,
as their bandgap can be tuned throughout the near-infrared region of ~ 600-3000 nm
(2.1 eV < Egap < 0.41 V). 1754557478 The band gap of bulk PbS with Eg,, = 0.41 eV
and the exciton Bohr radius of 18 nm lead to strong quantum confinement in PbS
NCRs. " PbS NCRs consist of an ionic crystal featuring a rock salt structure and
typically exhibit a cuboctahedron shape, which is composed of eight {111} and six {100}
facets. *°% Commonly, PbS NCRs are capped with oleic acid (OA) ligands.[™ Due to
the difference in the surface termination, the OA ligand binding is much stronger on
the Pb?*-terminated {111} facets than on the nonpolar {100} facets.['>°%™ Figure 2.2
displays a typical ~ 5 nm PbS NCR.
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Figure 2.2: Model of a colloidal PbS NCR. (a) Illustration of a cuboctahedron-
shaped PbS NCR exhibiting a rock salt atomic structure and differently terminated
{111} and {100} facets. (b) Calculated atomic structure of a 5 nm sized PbS NCR
passivated with OA ligands. (c) High-resolution transmission electron micrograph of an
individual PbS NCR capped with OA ligands. A cubic atomic structure can be identified.
[(a) Adapted with permission from Boles et al.["®! (Copyright 2016, Springer Nature).
(b) Adapted with permission from Zherebetskyy et al.["%! (Copyright 2014, The American
Association for the Advancement of Science). (c) Adapted from Weidman et al. >l

(Copyright 2014, America Chemical Society).]

Contrary to molecular species, NCRs exhibit an inherent size distribution,
meaning that they are never exactly identical in size, i.e. number of atoms, and
structure. The most homogeneous semiconductor NCRs today still feature a size dis-
tribution of ~ 4%. 5728081 Dye to their strong size-dependent quantum confinement,
a distribution of NCR sizes results in a distribution of energy levels. Thus, this size
inhomogeneity is a distinct disadvantage in terms of a fundamental understanding of

NCRs and their technological application.

2.1.2. Atom-precise metal nanoclusters

In contrast to colloidal NCRs, ligand-stabilized atom-precise metal NCLs feature
uniformity in size, composition and ligand coverage and are typically sized in the range
of ~ 1-3 nm. 5282 While bulk metals and large metal nanoparticles have a continuous
band of energy levels resulting in plasmonic states, the finite number of atoms in
metal NCLs causes discrete energy levels due to quantum confinement, as illustrated in
Figure 2.1.1%%] For metals, the quantum size effect can be explained by considering the
de Broglie wavelength of an electron at the Fermi energy, which is material specific and
is ~ 0.5 nm for gold.®" Thus, reducing the size of metal nanoparticles approaching the
de Broglie wavelength, an evolution from plasmonic to excitonic states occurs.[* This
is manifested by discrete energy levels and the existence of highest occupied molecular
orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO), separated by




a band gap FEgp."* Accordingly, NCLs bridge the gap between semiconducting

molecules and NCRs. [

2.1.2.1. Gold nanocluster

In recent years, a wealth of atomically precise NCLs has been synthesized from various
materials, with gold NCLs being established as very promising model systems. 5
One of the first and most prominent representatives of this material class is the Augg
NCL (Aug;(PhyP),,Cly), synthesized by Schmid et al. in 1981.157 Due to geometric
considerations, the structure is assumed to feature a closest packing of 55 Au atoms,
forming a cuboctahedron core of ~ 1.4 nm.**” However, this structure could not be
verified experimentally yet. Another prominent gold NCL is the structurally fully
characterized Au,s NCL (Au,s(SR),g, R = 2-phenylethanethiole). % This consists
of a central Au atom surrounded by an Au,, icosahedron plus an outer shell of 12 Au
atoms. The Au-Au bond lengths differ from that of bulk gold. This clearly shows that
NCLs are not just a fraction of the bulk material, but rather have their unique structural

82,83,86

features determining their physicochemical properties. I There are numerous gold

NCLs with different ligand protection, ranging from Au,; Au,, 64 Au, 2 to
Ay or Auyy ") just to name a few examples. 5250

In general, many NCLs, not only gold NCLs, exhibit a “magic number” be-
havior, meaning that clusters with certain characteristic numbers of atoms are more
stable. 9997 The category of metalloid clusters defines clusters that have more di-
rect metal-metal contacts than metal-ligand contacts, and contain metal atoms that

participate exclusively in metal-metal interactions.?%%]

2.1.2.2. Aus("BusP);,Clg nanocluster
A recently investigated atom-precise NCL is Augy("BusP);2Clg (Aug,).['% Its structure

is displayed in Figure 2.3a. Here, the core consists of a hollow Au,, icosahedron,
surrounded by a shell of 20 Au atoms arranged in a pentagon dodecahedron. This
Aug, core is ~ 0.9 nm large and slightly distorted due to electronic reasons.'"”] The
third shell consists of eight chlorine atoms in a cubic arrangement and 12 tri-butyl-
phosphine ligands, where the phosphorous atoms bound to the outer Au shell form an
icosahedron. "% Including the ligand shell, this building block has a full size of ~ 1.4 nm
(Figure 2.3b). Due to its stability, good solubility, easily reproducible synthesis and
high yield, this atom-precise NCL is an ideally suited model system for this thesis.
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Figure 2.3: Model of the atomically precise Aus, NCL. (a) Structure of the Aus,
core (yellow), consisting of an inner hollow Au;, icosahedron (left) and an outer Augy,
pentagon dodecahedron. The eight chlorine atoms (green) form a cubic arrangement and
the phosphor atoms (purple) of the 12 phosphine ligands form an icosahedral arrangement.
Carbon and hydrogen atoms of the ligands are omitted for clarity. (b) Structural drawing
of the atom-precise Auzz("BusP)12Clg NCL with a core size of ~ 0.9 nm. The different
colors represent the Au- (gold), Cl- (green), P- (purple) and C- (grey) atoms. Hydrogens
are omitted for clarity. [(a) Adapted with permission from Kenzler et al.['%! (Copyright
2019, Wiley) ]

The building blocks used in this thesis were kindly provided. PbS NCRs were synthesized
according to Weidman et al.®®! by Dr. Michelle Weber, former member of the research
group of Marcus Scheele. Aus;, NCLs were synthesized by Florian Fetzer, collaboration
partner and member of the research group of Andreas Schnepf (University of Tiibingen),
according to their developed synthesis route.!'%! A detailed description of the general
concepts and experimental approaches on the synthesis of (PbS) NCRs and (Au) NCLs

is beyond the scope of this thesis and given elsewhere. [19:55,72,76,82,85,100-102]

In summary, the size-dependent properties of semiconducting NCRs and metal NCLs
can be used to generate a wide variety of building blocks. Especially the versatile PbS
NCRs are of particular interest as one of the best investigated model systems. However,
NCRs in general feature an inherent size distribution, which is a distinct disadvantage.
This can be circumvented by using atom-precise NCLs featuring size uniformity, such as
Aug, NCLs. Together with their discrete energy levels due to the quantum size effect,

they represent the transition from semiconducting molecules to semiconducting NCRs.

11



2.2. The concept of self-assembly

NCRs can be used as building block to form larger complex ensembles or superstructures,
expected to exhibit novel collective properties. Such structures are usually obtained by
the spontaneous self-assembly of the building blocks. [193194 Self-assembly is a bottom-up
process where individual components organize themselves into an ordered structure. %%
The following Section aims to provide a rough theoretical overview of the process of
self-assembly and the underlying mechanisms and is based on the comprehensive articles
of Pileni®?, Vanmaekelbergh!'%], Boles et al.l™, Min et al.l'°l and Bishop et al.[?*

2.2.1. Theoretical considerations

The driving force of self-assembly, regardless of the NCRs and the preparation method,
is the minimization of the Gibbs free energy AG. The difference in Gibbs free energy
between the assembled state and the initial state has to be AG < 0. According to
Equation (2.2.1), either a decrease in enthalpy AH and/or an increase in entropy AS

can accomplish the lowering of AG (for constant temperature 7).
AG=AH —TAS (2.2.1)

Considering NCRs as hard spheres, no interparticular interactions are present and
thus, self-assembly occurs solely due to an increase of AS. This somewhat counter-
intuitive phenomenon can be explained by a gain in accessible free volume available
to each particle through the formation of a crystalline state compared to a jammed
state, as depicted in Figure 2.4a.[71%% Due to the more efficient packing in the ordered
state, each particle has a larger volume to wiggle and thus, the total number of possible
configurations is enhanced, resulting in AS > 0.

Additionally, interparticle interactions need to be taken into account for colloidal
NCRs with ligand-stabilization. A decrease in enthalpy by interparticular interactions
in the NCR assembly compared to diluted NCRs represent the enthalpic contribution.
The interactions can be of different kind depending on the NCR core, the ligand shell
and the self-assembly conditions. Some of the typical interparticle forces are van der
Waals forces, steric repulsion, electrostatic interaction and capillary forces, illustrated
in Figure 2.4b—d. The magnitude of the interparticle interactions do not greatly exceed

the thermal energy kgT'.
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Figure 2.4: Schematic illustration of different interparticle interactions. (a) Entropic
forces: For hard spheres the entropy is increased (AS > 0) by assembling into crystalline
state, caused by a gain in accessible free volume, indicated for one sphere in blue.
(b) Van der Waals attraction: Charge density fluctuations create induced dipoles (6
and §7), resulting in an attractive force of NCR cores. (c¢) Steric repulsion: Overlapping
ligand shells of adjacent NCRs result in a repulsive force, preventing NCR, agglomeration.
(d) Capillary forces: Adsorption of NCRs at an interface cause distortion, resulting in an
induced attractive force.

Van der Waals forces arise between all atoms due to interactions between electric dipoles,
including induced dipoles originating from charge density fluctuations, which lead to
attractive forces between identical NCRs. Thus, uncoated NCR tend to agglomerate
caused by attractive van der Waals forces.

To prevent agglomeration, counteracting repulsive forces are required, which are
generally obtained by modifying the particle surface. Shells formed by soft capping
ligands can interact with one another through deformation. This results in repulsive
forces in good solvents, which keep the NCR cores at a considerable distance so that
core-core attraction remains weak. During self-assembly, the steric interaction energy
can be reduced by close packing, deformation of the ligand shells and interdigitation of
the ligands from adjacent NCRs. Besides, colloidal NCRs can also be electrostatically
stabilized by adsorption of charged species, which balance the oppositely charged NCR
surface.

Additionally, other forces related to the environment of the self-assembly process
may be present. For instance, capillary forces come into play when the NCR dispersion is

spread onto a liquid surface/interface. ' The adsorption of the NCRs cause a distortion
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of the interface due to preferred adsorption depths and wetting angles, which in turn can
induce attractive capillary forces on neighboring NCRs. Further possible interactions
(e.g. convective, shear or electromagnetic forces, as well as NCR-substrate interactions)
and their complex interplay during self-assembly can be found detailed in the above
mentioned reviews. [?%2371,103,106] By considering additional chemical interactions, such
as cross-linking ligands, the problem becomes even more complex.

Generally, both a maximization of entropy (AS > 0) and a minimization of the

enthalpic contribution (AH < 0) drive the spontaneous process of NCR self-assembly.

2.2.2. Degree of structural order
Regardless of the symmetry of the resulting assemblies, different degrees of structural
order can be theoretically classified, which are schematically illustrated in Figure 2.5

for hard spheres.

crystalline polycrystalline amorphous amorphous
(long-range order) (short-range order)

<

Degree of structural order

Figure 2.5: Illustration of different degrees of structural order: (a) (Mono-) crystalline
and (b) polycrystalline ensemble with long-range order, (¢) amorphous/glassy ensemble
with short-range order and (d) fully amorphous ensemble of hard spheres. The degree of
structural order is increasing from right to left.

Here, the degree of structural order is increasing from right to left, starting from a
fully amorphous state, where no order is present. If the building blocks exhibit some
preferential local order over spatial dimensions that are typically on the order of the
nearest neighbor spacing, short-range order is achieved.!'®® Thus, each building block
is surrounded by the same number of the nearest neighbors and the distribution of
nearest-neighbor spacings is narrow, meaning the assembly is close-packed. 676

If order over distances much larger than the unit cell is present, the structure is
long-range ordered and features translational periodicity. *1%! An assembly consisting

of several domains which are separated by disruptions in the crystalline packing, so-
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called grain boundaries, is referred to as polycrystalline. The domains can have different

08,711 However, if the assembly consists of a single periodic

expansions and orientations. |
lattice of long-range ordered building blocks, it is called a monocrystalline material.
For NCR SLs, the degree of structural order can additionally be determined by
the orientation of the non-spherical individual building blocks within the crystalline
assembly. In mesocrystalline materials, the individual NCRs are iso-oriented, so the
degree of structural order is considered higher than in a similar SL with randomly

oriented NCRs (orientational order). [5%:110:111]

2.2.3. Practical implementations

Several experimental techniques are reported in literature for the self-assembly of
NCRs. 2112 To investigate the (opto-)electronic properties of NCR assemblies, they
are commonly fabricated in the form of thin films.!»?% For this purpose, the solvent
evaporation-induced self-assembly is the most appropriate method, comprising the

techniques of drop-casting, spin-coating, dip-coating and the assembly at the liquid/air

interface, as illustrated in Figure 2.6.[™]
a b c d
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Figure 2.6: Schematic illustration of evaporation-based self-assembly methods:
(a) drop-casting, (b) spin-coating, (c) dip-coating, (d) self-assembly at the liquid/air
interface.

Besides predominantly attractive interactions (e.g. due to a lack of ligand passivation),
several other factors — such as a large NCR size dispersity, a fast solvent evaporation rate
or a poor NCR solubility in a given solvent — favor the formation of glassy assemblies
with short-range order or fully disordered structures.**67:7%

Usually, densely packed NCR thin films with short-range order can be easily
obtained by drop-casting, where the NCR dispersion is placed on a solid substrate and
the solvent evaporates, by spin-coating, where the sample is rotated to spin off the excess
solvent, and by dip-coating, where the substrate is dipped in a NCR dispersion. 67113

The film thickness can be controlled by the properties of the dispersion, such as the
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NCR concentration, the rotation speed (in case of spin-coating) and by the number of
dips (in case of dip-coating).

Obtaining long-range ordered assemblies requires the system to reach its thermo-
dynamically favourable state (AG < 0) instead of a potential kinetically (disordered)
state. 03697 A common technique to fabricate long-range ordered NCR SL films is the
assembly at the liquid /air interface, [3%°%60:114-118] a5 the formation of long-range ordered
assemblies and an increase in domain size seems to require conditions that minimize
the interaction between NCRs and the substrate during self-assembly. [2%37:69.71106] Here,
a small volume of NCR dispersion is drop-cast on top of an immiscible liquid allowing a
dynamic self-assembly process during solvent evaporation. %914 The free-floating film
can readily be transferred onto arbitrary substrates via scooping,''”) the Langmuir-

120] el112,121,122]

Blodgett technique!'?”!, contact printing, the Langmuir-Schaefer techniqu

or the retraction of the liquid subphase to deposit the thin film on an immersed sub-

strate[123-125)

. Further, the liquid/air interface method is well suited to perform an in
situ ligand exchange of the free-floating thin film by introducing the ligand into the

liquid subphase, [80:119,122,126]

This Section has introduced the theoretical framework of NCR self-assembly, which is
driven by a minimization of the Gibbs free energy. This can be achieved by both an
increase in entropy and a lowering of enthalpy. The enthalpic contribution mainly arises
from interparticle interactions, as described above. Further, the degree of structural
order — ranging from fully amorphous to highly ordered crystalline structures — can
be tuned, which was experimentally shown in literature. However, controlling the
self-assembly processes is far from trivial, which renders the targeted production of
NCR assemblies with specific properties considerably tricky.?*%7 In the next Section, a

concept of describing highly ordered NCR assemblies is provided.
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2.3. Self-assembled superlattices

As shown above, building blocks, ranging from atomically precise NCLs with diameters
on the order of 1-3 nm to larger inorganic NCRs with diameters of up to tens of
nanometers, can be self-assembled into solid ensembles. %2729 If such an assembly
consists of a regular crystal-like (three-dimensional) arrangement of the NCRs, it is
called a “SL”.[%26] One prerequisite for the self-assembly into ordered SL is a sufficiently
narrow size distribution of the NCRs of < 10%. 467115127 Once assembled, SLs are
expected to exhibit emergent collective properties, differing from those of the individual
building blocks, caused by quantum mechanical and dipolar coupling between the

individual NCRs. [2:29:30,69,128,129]

2.3.1. Colloidal nanocrystals as building blocks

There is a variety of reports of SLs from colloidal NCRs adopting three-dimensional
arrangements with standard crystal structures, such as body-centred cubic (bcc), face-
centred cubic (fcc) and hexagonal close-packed (hcp) lattices. [¥1:116:130-135] Here, the
NCR SLs can be described by a single unit cell and the nearest-neighbor distance of
the respective unit cell defines the center-center distance of the NCRs.

The following takes a closer look at PbS NCRs, which are used in this thesis as a
model system and are unarguably among the best understood systems. [#3:34:36,37,81,136-144]
Whereas the thermodynamically preferred structures are those of hep and fee SLs, bee
SLs are also observed. [B1,130,134,136,141,145-147 phq NCRs passivated by a ligand shell
of oleic acid (OA) behave as hard spheres with short-range attraction and form a
close-packed SL with fcc symmetry, together with a random orientation of the NCR
cores. In contrast, the same NCRs with an incomplete passivating ligand shell form a
bee SL, where the NCRs are orientally aligned,!'*% as displayed in Figure 2.7a,b. This
is attributed to a preferred ligand coverage on the {111} NCR facets, resulting in a
better ligand interaction between adjacent NCRs in the bcce lattice together with an
increased NCR core interaction. P4 77130,134,136,139-141,143,148] Thig transition from fec to
bee is very well known from atomic lattices as the Bain path.['*’] The fcc lattice is
transformed to the bee lattice by an uniaxial contraction (also called Bain distortion),
with the intermediate state of the body-centred tetragonal (bct) lattice, as illustrated
in Figure 2.7c. The transformation along the Bain path can be tuned to arrest the PbS
NCR SL in the intermediate bct lattice by tuning the solvent evaporation rate, changing

the interparticle distance or by functionalization with 7-conjugated ligands. [#%:34:36,130,138]
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Flgure 2.7: Illustratlon of different SLS formed by colloidal NCRs.
(a) Completely passivated PbS NCRs behave as hard spheres, forming a close-
packed fee SL with random orientation of the NCR cores, (b) whereas incomplete ligand
passivation results in a bee SL with coherently oriented NCR, cores, caused by improved
core-core interactions. (c) Model of the fcc (blue) and bee (red) unit cells related via the
Bain distortion. The uniaxial contraction along axis ¢ transforms a fcc lattice to a bce
lattice through bct intermediate states. The corresponding ratios of unit cell axes are
given. (d) Structure of binary NCR SLs formed from 7.5 nm PbS and 3.1 nm Au NCRs.
Transmission electron micrographs of a CuAu-type binary SL with (100)-orientation (left)
and a AlB,-type binary SL with (001)-orientation, where the PbS NCR have a higher
ligand passivation (right). Insets depict the respective unit cells (grey: PbS, yellow:
Au). (e) Transmission electron micrographs of atomically attached PbSe NCR SLs.
Oriented attachment along specific crystal facets results in linear (left), square (middle)
or honeycomb (right) lattices. [(a,b) Adapted with permission from Choi et al.l'3]
(Copyright 2011, American Chemical Society). (c) Adapted with permission from Zhang
et al.[14] (Copyright 2016, Nature Publishing Group). (d) Adapted with permission
from Boles et al.['") (Copyright 2019, American Chemical Society). (e) Adapted with
permission from Evers et al.["!"] (Copyright 2013, American Chemical Society).]
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SLs can not only differ by their SL symmetry and axes lengths, but also by the orienta-
tion of the individual NCRs. As described above, in the reported bee and bet SLs, the
PbS NCRs are iso-oriented. This means that the atomic lattices of the individual PbS

NCR core are oriented the same (at least to a certain degree of misalignment). >4

Such SLs containing iso-oriented NCRs are referred to as mesocrystals. [?%110:151,152]

Next to SLs with classical symmetry, binary SLs with more sophisticated structures were
also reported, as depicted in Figure 2.7d. Here, two sizes of different NCRs self-assemble
into a SL, where the packing symmetry depends on the size ratio of the NCRs, as well
as the NCR and ligand interactions. [127:150,153-155]

Additionally to three-dimensional SLs, highly ordered monolayers of NCRs could
also be counted as a subclass of SLs. 231567158 Recently, two-dimensional SLs were
reported, where the individual PbS or PbSe NCRs are atomically connected along
specific crystal facets by oriented attachment. Here, the controlled ligand displace-
ment on certain facets yields fused NCRs by atomic bondings. This creates highly
ordered low-dimensional SLs of various geometries, such as square and honeycomb
lattices or one-dimensional linear and zigzag structures or even dimers, as illustrated

o, [111,117,159-16

in Figure 2.7 %l These are very promising candidates for materials with

emergent optoelectronic properties.

2.3.2. Atom-precise nanoclusters as building blocks

The SLs of colloidal NCRs intrinsically lack atomic precision and exhibit a complex
surface chemistry, which renders them challenging for a controlled design and fab-
rication. %5164 Thus, atom-precise NCLs are an attractive subset of building blocks,
sometimes referred to as superatoms and the corresponding SLs as superatomic crys-
tals, [62:165]

The great advantage of NCL SLs over colloidal NCR, SLs is their precisely known
composition and symmetry, achieved by crystallization. !4 Commonly, the total
structure of the NCL core and ligand shell as well as the three-dimensional arrangement
is determined by single crystal X-ray crystallography.!'*'%7] Due to the atomic precision,
SLs of NCLs are essentially molecular crystals, albeit with large unit cells.*) Here it
should be noted that in this thesis “nanocrystal superlattice” is used synonymously for
the terms “nanocluster crystal” and “superatomic crystal” found in literature.

In a seminal work by Schmid et al., highly ordered SLs of Auss; NCLs featuring a fcc
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structure were obtained['%¥), followed by the preparation of highly ordered monolay-

ers.[19 Further, a structure formation similar to the oriented attachment process of
NCRs was observed for Auss NCLs upon ligand removal. ['™]

In contrast to larger NCRs, which are typically packed in SLs with simple transla-
tional symmetry (e.g. hep, fee, bee), atomically precise NCLs can pack into more complex
lattices, such as monoclinic or triclinic, which are driven by specific interparticle inter-
actions. 83197171 Fyurther examples and a detailed description of the assembly of atom-

precise NCLs into solid structures can be found in literature. [21,64.66,96,97,120,167,171-173]

This Section clearly illustrates how structural order and the symmetry of the SLs can
be varied by adjusting various parameters, such as NCR size and shape, ligand shell,
solvent, evaporation time, preparation method and many more. Further it is shown that
the assembly of atom-precise NCLs bears the potential of SL formation with atomic

precision.
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2.4. Charge transport in nanocrystal ensembles

In this Section, first a brief theoretical description of charge transport is given. Then,
experimental implementations and strategies reported in literature to control the
interparticle electronic coupling are provided, followed by a comprehensive discussion
of previous studies about the influence of structural order on the electronic properties
of NCR ensembles.

2.4.1. Theoretical description

The brief introduction to the theoretical description of charge transport is based on
several references, in which further details can be found, that have been omitted in this
thesis for the sake of clarity. [27:28:45,58,67,69,174-179]
2.4.1.1. The interplay of energetic parameters
From an energetic point of view, the charge transport in NCR ensembles is determined
by the interplay of three parameters: the transfer integral 5, the charging energy E¢
and the energetic disorder Aa.

Simplified, the electronic structure of an individual NCR can be described by
a discrete quantum confined wave function localized within the particle. The wave
functions of two adjacent NCRs may overlap when the NCRs are in close proximity,
allowing the electrons to tunnel. This quantum mechanical coupling can be expressed

by the transfer integral (5, given in Equation (2.4.1):
B~hl | (2.4.1)

where h is the Planck’s constant and /' the tunneling rate between two adjacent NCRs.
The tunneling rate I'" depends exponentially on the tunneling width Az, being the
interparticle distance, and the square root of the tunneling barrier height AFE, defined

by the interparticular medium, as given in Equation (2.4.2):

2FE 2m*AFE

with the activation energy F,, the charge carrier effective mass m* and h = h/2.
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The energy required for an actual charge transfer process, described by the charging
energy E, is referred to as the self-capacitance of the NCR. In a simplified form, E¢

can be approximated as given in Equation (2.4.3):

62

ECN

~ 2.4.3
4rege,r ( )

with the NCR radius r and the dielectric constant of the environment £ge,. Thus, the
NCR size and the dielectric constant of the interparticular medium inversely affect
the charging energy. A formula describing E¢ of a NCR assembly more realistically is
given in Chapter 5, Equation (5S5.13,55.14). In order to transfer a charge carrier from
one NCR to another, the Coulomb or Hubbard gap F ~ 2FE must be overcome, as
illustrated in Figure 2.8a. This suppresses charge transport at low biases, referred to as
the Coulomb blockade, which can be overcome at higher biases. ')

As the third parameter, the energetic disorder A« is introduced, representing
a measurement of the dissimilarity of adjacent NCRs, acting against a collective

r.['™ These inhomogeneities are introduced by the NCRs themselves via varia-

behavio
tions in size, shape and composition, and by the ensemble via variations in interparticle
distances and structural order.

To understand how disorder or order, affects the electronic structure and thus
charge transport within NCR ensembles, the interplay of the three energetic parameter
Aa, [ and E¢ needs to be evaluated. This creates two limiting cases: the Mott regime,
where Fc > Aqa, and the Anderson regime, where Fc < Aa.

In the regime of very low disorder, where Fc > Aa, the Mott metal-insulator
transition can occur, caused by electrostatic effects. For large interparticle spacings
Az, the transfer integral § cannot overcome the charging energy F¢ (5 << E¢),
resulting in an insulating NCR ensemble due to only weak interparticle coupling (Mott
insulator). Here, sequential tunneling and temperature activated hopping occurs.
As the interparticle separation decreases, electronic coupling becomes significant due
to the increasing transfer integral. If 5 > FE¢, the coupling overcomes the carrier
localization, the Coulomb gap disappears and the wave functions of individual NCRs
extend throughout the ensemble and form a delocalized electronic state. This is known
as the Mott metal-insulator transition. A schematic illustration is given in Figure 2.8a.

In the Anderson regime, where Fc < Ac«, the Anderson metal-insulator or
localized-to-delocalized transition can occur, caused by disorder effects. This depends

on the relative strength of the transfer integral with respect to the disorder of the system.
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For Aa > (8, Anderson localized states are formed, as the transfer integral cannot
overcome the energetic fluctuations caused by disorder. However, these can be overcome
if Aa < 3, causing the spreading of extended wave function over the NCR ensemble
(Anderson delocalization). In addition, an intermediate domain-localized state between
a fully localized (Aa > /) and delocalized (Aa < ) state can occur. Here, the system
breaks into small isolated domains of strong coupling, separated by weakly coupled
regions. The extension of the domain is determined by the amount of A« and charge
transfer between domains is thermally assisted.

The different regimes of electronic coupling within a NCR ensemble can be de-
scribed in a simplified way by the phase diagram visualized in Figure 2.8b. Here,
the interplay between the dimensionless parameter of the effective coupling strength
Ec(Ec+ 3)~! and the disorder Aq is described. The weak coupling regime corresponds
to Ec(Ec + B)~' — 1, whereas Ec(Ec + 3)~' — 0 is the limit of strong coupling.
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Figure 2.8: (a) Schematic of the electronic structure and interparticle interactions
in NCR assemblies. At large interparticle distances Az, where the transfer integral /3
cannot overcome the charging energy Ec (Coulomb gap), the NCRs are only weakly
coupled, resulting in an insulating ensemble (Mott insulator). With diminishing Az,
increases. At the metal-insulator transition (MIT) point, delocalized states are formed
throughout the entire assembly. (b) Schematic phase diagram of electronic states as a
function of coupling strength Ec(Ec + 3)~! and disorder Aa. The limits of strong and
weak coupling correspond to Ec(Ec + $)™! — 0 and Ec(Ec + 8)~! — 1, respectively.
The interplay of the energetic parameters transfer integral 3, charging energy Fc and
disorder A« define different regions of electronic states. The two NCRs in each corner
sketch the structural arrangement within the ensemble. Ligand spheres are omitted for
clarity. [(a) Adapted with permission from Murray et al.[™l (Copyright 2000, Annual
Reviews.) (b) Adapted with permission from Remacle et al.[?8] (Copyright 2001, Wiley).]
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In case of very high disorder Aq, the electronic states are fully Anderson localized,
whereas for reduced Aq, interparticle coupling and delocalization can occur. The
Anderson metal-insulator transition therefore proceeds along the vertical direction.
In contrast, for very low Aca, Coulomb charging effects can cause the Mott metal-
insulator transition from a delocalized to a site-localized state along the horizontal
direction. However, the two extremes of fully delocalized and site-localized states are
separated by an intermediate region, where the wave function is localized over single

domains of finite size.

2.4.1.2. Band-like transport

Theoretically, in the regime of strongly coupled NCRs, band-like transport may occur.
In this regime, the coupling between adjacent NCRs through delocalized states could
be comparable to the coupling of individual atoms within a solid, forming an energy
continuum or band.” For this reason, NCRs are often referred to as artificial atoms,
whose strongly coupled ensembles form artificial solids.?®) Characteristic for band-like
transport is a high charge carrier mobility of u > 10 cm? V! s71 (in comparison to
p <1 cm? V71 s7! for hopping transport), together with a conductivity o and mobility

[45,67,179] Details on the measurement

p inversely scaling with temperature (o, p oc T71).
techniques of electronic properties are given below in Section 2.6. Completely expanded
band-like structures are not to be expected, however, as even the smallest amount
of A« could prevent a full delocalization. Nevertheless, it is assumed that so called
mini-bands could exist in highly ordered domains of finite size.*’]

2.4.1.3. Activated hopping transport

Thermally activated hopping dominates charge transport in NCR ensembles when
the interparticular coupling is weak, caused by relatively far interparticle distances
of > 1 nm.% The charge carriers hop from one NCR to its nearest neighbor along
the current path.7 Characteristically, the conductivity ¢ of the NCR ensemble expo-
nentially increases with increasing temperature 7' since the hopping process requires
phonon-assisted transitions between the localized states with different energies. '™ This

can be described as an Arrhenius-type behavior, expressed in Equation (2.4.4): 181182

—E
o =0y exp ( k:BJé) : (2.4.4)
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with the activation energy FE,, the Boltzmann constant kg and a material specific
constant og. Thus, E, can be obtained from the slope of In(c) as a function of 7.

However, dependent on the complex interplay of 5, Ec and Aa, hopping to a site
not localized at the nearest neighbor NCR may be energetically more favorable although
the hopping distance is larger.*” Different types of variable range hopping can occur,
where the transport depends on the interparticle distances and the energy difference
between hopping sites. Here, a non-Arrhenius behavior is present, as the conductivity
o of the NCR ensemble increases with In(o) ~ T~" where the constant « is specific for
the type of hopping mechanism with e.g. kK = % or Kk = i. A detailed discussion of the
different variable range hopping mechanisms can be found elsewhere. [>-4183,184]
2.4.1.4. Small polaron hopping
A mechanism of hopping transport in polar semiconductors, such as PbS or CdSe,
that has recently been investigated in depth is the small polaron hopping. 5515 This
model has been used for years to describe charge transport in organic semiconductors
and molecular crystals. [186:187]

Polarons are quasiparticles formed by a strong interaction between charge carriers
and optical phonons,!'®*'%) causing a local deformation/polarization of the atomic

58186] Tn case the radius of this

lattice, as schematically illustrated in Figure 2.9a.!
polarization is small compared to the atomic lattice, the polaron is referred to as small.
The binding energy of a polaron is given by the reorganization energy A.[*$°%1 When A
is much stronger than the interparticle electronic coupling, the charge carrier is trapped
by the phonon and charge transport occurs via hopping of small polarons between

adjacent NCRs with the polaronic hopping rate ¢ given in Equation (2.4.5):[45:58,61,185]

B 7T (A+ AE)?
§~ \ Ak P (‘ ANk T ) ’ (2:4.5)

where AFE is the potential barrier height.

For PbS NCRs, the polaron formation takes place at the ligand-functionalized
NCR surface.[*®] Thus, charge transfer between NCRs implies a rearrangement of surface
atoms, where the bond length between the ligands and surface atoms are slightly elon-
gated /shortened to stabilize the polarons of electrons/holes.**%1 This is schematically
depicted in Figure 2.9b. Since the surface ligands are typically anionic, they affect
the polaron propagation within the NCR ensemble by electrostatic interactions. !'?’)

Due to differing ligand densities for distinct facets — such as for PbS NCRs, where
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oleic acid is significantly stronger bound to the {111} than to the {100} facets!°%162:191]

48,61,189)

— a facet-specific interaction potential is created. ! In accordance, the calculated

coupling energy for a bec PbS NCR SL along the [100] directions is about one order of
magnitude larger than along [111]. Hence, a direction-dependent anisotropic charge

transport can be predicted for long-range ordered SLs. [*5:61]
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Figure 2.9: Schematic of polarons. (a) In bulk, the strong interaction between charge
carriers and phonons create a deformation of the atomic lattice, referred to as polaron.
(b) In polar NCRs, the polaron consists of a surface atom rearrangement, specifically
an adjustment of the bond length between the (anionic) ligand and the NCR surface.
Polarons of electrons (e™) cause an elongation of the ligand (R) bond, whereas holes (h™)
cause a contraction. Consequently, charge transport in NCR, ensembles occurs via small
polaron hopping.

There is a reasonable assumption that this charge transport mechanism also applies
to NCLs, which are the bridging element between organic semiconductor molecules
and semiconducting NCRs. In semiconducting molecules, polarons are formed due to a
charge induced deformation of the conjugated molecule."*7192] Similar deformations
have recently been observed for Augs NCLs due to the influence of the addition or
removal of an electron.?%'93 Furthermore, electron-phonon interactions in Auss and
Augg NCLs are subject of current research.!'% Consequently, the small polaron hopping
model might be applicable for Au NCLs.

2.4.2. Experimental implementations

After having introduced a theoretical description of charge transport in NCR assemblies,
the following provides an overview of experimental approaches in order to understand
and control electronic properties. First, the influence of the ligand sphere and the
interparticle distance is elucidated, followed by a comprehensive discussion of previous

studies on the influence of structural order.
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2.4.2.1. Influence of interparticle distance & ligands

The collective electronic properties of NCR ensembles have been the focus of numerous
studies conducted to explore charge carrier transport and a possible evolution from
hopping to band-like transport. %) The native ligand shell of colloidal NCRs restricts an
effective interparticle coupling due to long chain lengths and wide band gaps, creating
transport barriers of considerable width and height, which in turn results in insulating
NCR ensembles. >l A typical strategy for improving the electronic coupling between
NCRs is to shorten interparticle distances by replacing these native ligands by various
shorter ligands, such as organic!®!''3195-197 o1 inorganic molecules. [11:39:198-201]

Charge carrier transport is most commonly investigated by means of conductivity
and field-effect transistor (FET) measurements (see Section 2.6 for technical details). In
a seminal work by Talapin et al.[! the conductivity of PbSe NCR solids was improved
by ~ 10 orders of magnitude by the use of hydrazine as a small cross-linker, shortening
the interparticle distance from ~ 1.1 nm to ~ 0.3 nm. Thus, ligand exchange has
become a popular means to control interparticular distances and enhance the charge
carrier mobilities of NCR FETs. 031197 With this, semiconductive NCR assemblies
with charge carrier mobilities of x ~ 107 cm? V~! s71 up to exceedingly high values
of 1~ 1-24 cm? V- s were achieved. [>-0:39:42,197,200]

By cross-linking PbSe NCRs with bidentate alkanedithiol-ligands of various
lengths, Liu et al. have proven — as theoretically expected?®29?) — that the carrier
mobility and thus the interparticle coupling increases exponentially with decreasing
ligand length. ! This exponential relation between the interparticular coupling and
ligand length was further verified for semiconductive NCRs by other techniques. [196:20%]
Such an exponential decay of the conductivity with increasing ligand lengths was also
reported for small Au cluster with ~ 1 order of magnitude per A.B%201 Larger Au
nanoparticles feature the same behavior together with a metal-insulator transition for
interparticle spacings of < 0.5-0.7 nm.*>?0% Besides the described usage of different
ligands, the oriented attachment of adjacent NCRs (mainly lead chalcogenides) results
in honeycomb or square lattice structures, where comparable improvements of the
interparticular coupling can be obtained. [?>!117:160,207.208] Thege low-dimensional SLs
exhibit high charge carrier mobilities in the range of 1 &~ 0.2-13 cm? V=1 g1, [53,207,209)

Although NCR assemblies can indeed exhibit very high carrier mobilities as dis-
cussed above, it is heavily debated in literature whether or not band-like transport has

been achieved in semiconductive NCR SLs so far, [11:45,179,185,210-212]
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However, these strategies for improving interparticular coupling by replacing or removing
long native ligands have the decisive disadvantage of volume reduction, which creates
cavities and cracks within the NCR assemblies. 69213214 Thig breaks the SL symmetry
and inherently prevents distinct long-range order, which consequently inhibits an
effective electronic coupling and band-like transport. [53:19%,215,216]

An alternative approach is based on ligand exchange with larger m-conjugated
semiconductive molecules, which results in long-range ordered and highly conductive SLs.
The obtained hybrid material combines the particular benefits of NCRs with the chemical
versatility of organic semiconductors.?'” The rigid and relatively long m-molecules with
functional groups serve as linker between adjacent NCRs, where the interparticle spacing
is determined by the head-to-head length of the linker.[**%126 Organic semiconductors
are defined by a relatively narrow bandgap Ej,, of approximately 1-2 eV. [192,218] Thuys,
the functionalization of NCRs with these molecules predicts a decrease of the barrier
height AFE, a change in E¢ and a charge carrier delocalization over several particles
through the bridging 7-conjugated molecules. [121:202,219-222]

Indeed, it is not only the interparticular distance that plays a key role in electronic

(219223] T a remarkable study

coupling, but also the nature of the ligands themselves.
by Wessels et al. on Au nanoparticles, the use of m-conjugated ligands improved the
conductivity and thus electronic coupling by one order of magnitude compared to
ligands of the same length without m-conjugation.*'”) Moreover, an exponential decay
of the electronic coupling with increasing number of non-conjugated bonds within the
ligand system was observed. Generally, the surface chemistry of NCRs is of significant
importance. '™ Tt has been demonstrated by Brown et al. that the position of the 1S,
and 1Sy, energy levels of PbS NCRs can be shifted by up to 0.9 eV by functionalization of
the surface with different ligands.[™ Besides these energetic effects, it has been revealed
that for larger ligands the SL domain sizes were more extended and the interdomain
gaps were reduced, compared to shorter ligands. ['?

Accordingly, the energy barrier for charge transport is reduced without deteri-
orating the structural order and increasing the energetic disorder Aqy. [26:57-60,123,124]
Indeed, previous studies on 7-system functionalized PbS NCR SLs have demonstrated
long-range order and enhanced electronic coupling. For instance, using different tetrathia-
fulvalene derivatives, PbS NCR SLs with interparticle spacings of ~ 1 nm were ob-
tained, featuring conductivities of o ~ 1077-107% S m~! and hole mobilities of up to
p~107°-1073 cm? V! 571 P75 PhS NCRs with terthiophene linkers of ~ 0.8 nm

length exhibit an improved conductivity of ¢ ~ 3-107° S m~! and a high electron
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—1 224 whereas PbS NCR monolayers functional-

mobility of up to u~ 0.2 cm? V=1 s
ized with Cu-4,4’,4” 4’”-tetraaminophthalocyanine (Cu4APc) show a hole mobility of
up to g~ 1-107% ecm? V! s~! for interparticle spacings of 1.3-1.5 nm.!"**! Such metal
phthalocyanine ligands were also used for other NCRs, resulting in significantly improved
electronic coupling, which manifested itself by an increase in conductivity by 6-9 orders

124,125,225,226] Thege reported values are surprisingly high for the large

of magnitude.!
interparticular distances of 2 1 nm, directly pointing out the advantageous function of
the m-conjugated linkers.?°? Additionally, the presence of the organic semiconductor
molecules includes further parameters to tune the optoelectronic properties of NCR
assemblies. [225-231]

To conclude, the approach of m-functionalized NCRs is an ideal compromise
between enabling long-range order and increasing electronic coupling within NCR
SLs, which is a fundamental prerequisite to investigate potential structure-transport

correlations.

2.4.2.2. Influence of structural order
The first evidence of collective electronic properties in NCR ensembles was found
spectroscopically. A comparison of NCRs (semiconductive and metallic) in solution
and in films has shown that additional optical transitions or a broadening and redshift
occur in densely packed films. This was interpreted as an evolution from individual
localized to collective electron states delocalized within at least a finite number of
NCRs. [44:232-236]

Generally, the computationally predicted formation of minibands in highly ordered
and strongly coupled NCR ensembles(*’] is prevented in experimental SLs by the

4547207 Accordingly, the NCR ensembles in

minimal amount of omnipresent disorder.
the discussed experiments are all assigned to the weak coupling regime. The detrimental
effect of macroscopic cracks and defects on charge transport has already been shown in
a number of studies.*216:237 Tn this work, however, structure-transport relationships
refer to intrinsic properties and not to the influence of such external effects.

A study on Au nanoparticle monolayers — where charge transport was limited by
a Coulomb blockade — has shown that the voltage at which the Coulomb blockade can
be overcome strongly depends on the amount of interparticle voids, which emphasizes
the need for close-packed assemblies. 23]

In such close-packed assemblies, the size dispersity of NCRs results in both ener-
getic disorder, due to variations in size, as well as spatial disorder, due to variations of

the interparticle distances.[*”! In a computational study it was observed that both spatial
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and energetic disorder contribute to a transition from delocalized to localized states.
Further, the critical disorder at which a transition occurs strongly depends on the SL
type. [*7]

disorder adversely affects the exciton diffusion rate in NCR assemblie

Experimentally, it was shown via spectroscopy that a size distribution-based
5. 12392401 A inves-
tigation on temperature-dependent transport measurements of large Ag nanoparticle
monolayers revealed that the temperature at which the mechanism transits from a
variable-range hopping to simple activated hopping depends on the size dispersity of the
nanoparticles. **!l However, attempts to prove the detrimental effect of size dispersity
disorder in semiconducting NCRs were unsuccessful, as Liu et al. have shown that

the carrier mobility is essentially independent of the size distribution ?”!

242]

, although an
effect was computationally predicted! However, it could be argued that interpar-
ticle coupling in the investigated ensembles was too low to observe the effect.®!) The
detrimental effect of NCR size distribution highlights the importance of size uniformity.

A possible indication of the influence of the degree of crystallinity on the electronic
properties of assemblies of large Au nanoparticles was given by Nair et al., who reported
substantially higher conductivities for polycrystalline ensembles compared to amorphous
films.[* A similar effect was observed for hydrazine-treated PbS NCRs, where the
conductivity and mobility of polycrystalline films with grain sizes of < 100 nm exceeded
that of glassy films.!] Nevertheless, those PbS NCR ensembles exhibit mobilities in the
range of 1 ~ 107111078 cm? V! s, indicating insufficient electronic coupling. Further,
both of those studies mentioned have the major shortcoming that the investigated
assemblies do not feature long-range order. Recently, it was shown by applying time-
resolved spectroscopy and X-ray scattering that the charge carrier hopping rate in
PbS NCR SLS was enhanced by improving the degree of structural order and NCR
alignment induced by thermal treatment. "?

Computational studies have shown similar effects of NCR alignment. It was found
that the electronic coupling between NCRs strongly depends on their orientation to
cach other.** The same study has revealed a strong effect of the NCR shape on the
electronic coupling, as the coupling energy of cubic NCRs exceeds that of spherical
NCRs, attributed to an improved degree of facet alignment. Another computational
study has observed that the electronic coupling between two adjacent PbSe NCRs
differs for electrons and holes, and is further facet dependent: electron coupling is
generally stronger on smaller facets, whereas hole coupling is stronger on larger facets. *°!
Consequently, for cuboctahedral NCRs where the {100} facets are larger than the {111}

facets, electron coupling preferentially extends along the [111] direction, whereas the
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hole coupling is stronger along [100]. Based on these computational considerations, an
experimentally realized orientational alignment of the individual NCRs within a SL
seems beneficial.

The different spatial orientations of preferred coupling directions further imply that
charge transport in long-range ordered NCR SLs might be anisotropic. This hypothesis
is further strengthened by an experimental study on individual ~ 200 nm sized PbS
(nano)crystals, having found facet-dependent electrical conductivity.®” Contacting
individual PbS crystals across different facets have shown high conductances on {100}
and {110} facets, whereas the {111} facet remained insulating. Moreover, a remarkable
computational study by Yazdani et al.[*! on small-polaron hopping in PbS NCR SLs
concludes a similar facet-dependent charge transport anisotropy, as detailed above (see
Section 2.4.1.4).

In the hopping regime the flow of electrons is diffusive and likely to favor easy
paths. *%) Accordingly, one could expect that in an ideal SL without energetic disorder,
charge carriers follow the nearest-neighbor direction, as the hopping probability is largest
for the shortest distance.*® Indeed, Kaushik et al. have computationally observed that
both the electron and hole mobilities along the nearest-neighbor direction are 4-6 orders
of magnitude larger compared to the direction of second-nearest neighbors for bee and fee
lattices of PbSe NCRs. [*%l The existence of anisotropic charge transport is already known
for organic semiconductors***! or metal-organic frameworks***!, where charge transport
differs for different crystallographic directions. Additionally, in semiconductors of
conjugated polymers a strong correlation between structural order and charge transport

efficiency has been found.**’!

To conclude, this Section has shown how charge transport in self-assembled NCR SLs
depends not only on the interparticle distance and their surroundings, but also on the
degree of structural order. The complex interplay between energetic parameters defines
the electronic coupling regime and thus, the mechanism of charge transport, ranging
from activated hopping to band-like transport. Interestingly, the recently investigated
small polaron hopping mechanism for NCR SLs theoretically predicts an anisotropic
charge transport in highly ordered SLs. Such NCR SLs can be realized using PbS
NCRs functionalized with 7-conjugated ligands, resulting in long-range order along
with sufficient electronic coupling. Although theoretical models exist to investigate the
effects of structural order on the charge transport properties of NCR, SLs, experimentally

unravelling structure-transport relationships has proven to be challenging. [*7:49:51,53]
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2.5. Investigation of structural properties

The structural investigation of NCR assemblies and nanoscale systems in general is
crucial for understanding their properties. Simple optical microscopy cannot be used,
since the size of the NCRs is smaller than the wavelength of the visible light. More
specialized characterization techniques are required to investigate the structure of a
NCR assembly, meaning the SL structure and symmetry, the SL grain size as well
as the position and rotational arrangement of the NCRs within. In principle two
characterization approaches can be used: Real space (imaging) and reciprocal space
(scattering) techniques represent a complementary set of approaches to determine

structural information, ™% which are introduced in this Section.

2.5.1. Electron microscopy

To get a first impression of the structural order, an investigation of the NCR assemblies by
imaging in real space is suitable. The following briefly introduces the basics of scanning
and transmission electron microscopy, whereas details can be found elsewhere. 47249
2.5.1.1. Scanning electron microscopy

In scanning electron microscopy (SEM), a focused beam of electrons is gradually scanned
over the sample to be analyzed. The incoming electrons can interact with the sample
atoms in different ways and the imaging is indirectly realized by combining the resulting
electron signal and the beam position. Elastic scattering of the beam electrons results
in high energy backscattered electrons (BSE), originating from deeper sample regions.
In contrast, inelastic scattering results in secondary electrons (SE), being emitted from
the sample atoms. These low energy electrons originate from (near-)surface regions.
Consequently, a detection of the SE signal enables the investigation of the surface
topography of the sample. Along with a high resolution of up to ~ 1 nm,"" it is a
convenient tool to elucidate the surface morphology of NCR assemblies and yields first
impressions of the degree of structural order.!™ Additionally, by tilting the sample with
respect to the incoming beam, side view investigation can yield information on the
thickness of NCR SL domains. A major advantage of SEM imaging is that the sample
thickness is not a limiting factor. However, samples require an electrically conductive
and grounded substrate in order to prevent the accumulation of electrostatic charge,

rendering high resolution imaging impossible.
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Throughout this thesis, SEM imaging was used as a standard technique to investigate a
variety of devices and samples, mainly on silicon (Si) wafers with a silicon oxide (SiO,)
layer: the PbS NCR size, the morphology, structure and thickness of PbS NCR SLs,
the dimensions of SL microchannels, Auy, NCL micro-crystals and thin films as well as
microfabricated devices. Measurements were performed with a Hitachi SU 8030 SEM

at the Institute of Physical and Theoretical Chemistry, University of Tiibingen.

2.5.1.2. Transmission electron microscopy

A more sophisticated structural analysis of NCR SLs can be achieved by transmission
electron microscopy (TEM). The sample is illuminated by a collimated electron beam
and only the transmitted electrons are detected to directly create an image. Accordingly,
a three-dimensional structure is displayed as a two-dimensional projection. A combi-
nation of SEM and TEM is the scanning transmission electron microscopy (STEM).
Here, the electron beam is focussed and scanned over a thin sample to detect the
transmitted electrons at each point. The main advantage of TEM is the capability to
achieve atomic resolution.®® 717 Drawbacks, however, are the requirement of special
electron transparent substrates and the limitation of the sample thickness to only
~ 100 . [127:152,160,250]

For the correlative study of structural and electronic properties of NCR SLs in this
thesis, TEM/STEM imaging has turned out to be rather unsuitable. Besides the limited
sample thickness, the requirement of mechanically stable substrates for the lithographic
patterning of microelectrodes for contacting the SLs renders TEM substrates highly

impractical.

2.5.2. X-ray scattering

To analyze complex structures and to obtain structural information averaged over a
large sample volume, it is useful to investigate the structure in reciprocal space via

X-ray scattering.

2.5.2.1. Basics of X-ray scattering

As in electron microscopy, X-ray scattering exploits the variation of the electron density
of the sample to obtain structural information. Here, physical fundamentals of X-ray
scattering are briefly introduced. A detailed description can be found elsewhere. [73:247:251]
In X-ray scattering experiments, an X-ray beam is directed at the material to be

analyzed and a diffraction pattern is registered by a detector. The X-ray photons are
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elastically scattered by interaction with the electron density of an atom. In a crystal the
atoms form a regular arrangement composed of lattice planes separated by the distance
d. The scattered X-ray photons interfere with each other, resulting in a characteristic
diffraction pattern by constructive and destructive interference depending on the crystal

lattice. This can be described by Bragg’s law in Equation (2.5.1):
nA = 2dsin 6 ,neN : (2.5.1)

Here, A is the X-ray wavelength, n a positive integer (diffraction order) and 6 the angle
between the lattice plane and the X-ray beam (Bragg angle). Strong intensities in the
diffraction pattern are obtained by constructive interference at the points where the
scattering angles fulfill the Bragg condition, as schematically illustrated in Figure 2.10.
Each group of parallel lattice planes has a characteristic lattice plane spacing d and

hence a characteristic Bragg angle 6 at which the constructive interference occurs.

dsinf

Figure 2.10: Geometric drawing of Bragg diffraction at a crystal. Two parallel beams
with wavelength A\ approach a solid at the Bragg angle 6 and are scattered at lattice
planes with distance d. Constructive interference occurs if the difference in path lengths
dsin 0 is equal to an integer of \.

Usually, a consideration in the reciprocal space, which is the Fourier transform of
the real space, is more suitable. Therefore, the scattering vector ¢ is introduced with
d = 2w /q. Accordingly, Equation (2.5.1) can be rewritten to Equation (2.5.2):

2T 47 sin 6

_ AT _ 2.5.2
¢=- )\ (2.5.2)

Hence, the corresponding lattice planes distances d can be derived by determining q of
the observed diffraction peaks. All lattice plane families within a cubic crystal structure
can be described by the the Miller indices {h,k,l}. The spacing d of a lattice plane

family within a cubic crystal system with lattice constant a can be described as follows:

a
dpp = ————— . 2.5.3
hkl 72 T L2 T 2 ( )
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In a hexagonal lattice, the Bravais-Miller notation with four indices {h,k,i,l} is used,
whereas i is always given as i = —(h + k). For the different crystal structures, different
lattice planes lead to constructive interferences and thus to signals. These allowed
reflections are given by the selection rules: For simple cubic lattices any h, k, [ are
allowed, for bece lattices only reflections where h + k + [ is even, for fcc lattices h, k, [
must be all even or all odd and for hcp lattices [ must be even and h + 2k # 3n,

respectively.

2.5.2.2. Small- & wide-angle X-ray scattering

From Equation (2.5.2) it is obvious that larger spacings d scatter X-rays to lower angles
(small ¢) while smaller spacings d scatter X-rays to wider angles (large ¢). Accordingly,
small-angle X-ray scattering (SAXS) is used to investigate mesoscale systems, such as
NCR SLs with NCR sizes and interparticle distances of several nanometers. In contrast,
wide-angle X-ray scattering (WAXS) obtains information on atomic systems with smaller
distances. The combination of the two techniques provides an incredibly powerful tool
for a complete characterization of the SL structure (via SAXS) and the orientation of
the atomic planes of the NCRs within (via WAXS).[2°2] This is schematically illustrated
in Figure 2.11. Further information on SAXS and WAXS in nanoparticle research is

given elsewhere. [0
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Figure 2.11: Schematic illustration of small-angle and wide-angle X-ray scattering
(SAXS and WAXS) of a NCR SL. (a) The incoming X-ray beam penetrates the NCRs,
causing scattering from the atomic lattice with spacings dar, at wide angles (WAXS) and
scattering from the SL with spacings dgi, at smaller angles (SAXS). (b) Azimuthally
averaged intensity profiles of the SAXS (¢ < 2.5 nm~!) and WAXS (¢ > 15 nm™!) signals
of PbS NCRs forming a hep SL.
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2.5.2.3. Grazing-incident small-angle X-ray scattering

SAXS and WAXS can be applied in both transmission and grazing incidence mode. In
the former case, the X-ray beam penetrates through the sample, while in the latter the
beam strikes the sample at a very flat angle.

Grazing-incident small-angle X-ray scattering (GISAXS) is a technique to study
nanostructured surfaces and thin films. A schematic of the GISAXS setup geometry
is given in Figure 2.12 and details can be found elsewhere.?>>72°] This widely used
technique is highly surface sensitive, as the incoming X-ray beam strikes the sample
at an incidence angle ; close to the critical angle of total external reflection.”** The
scattered photons are detected by a two-dimensional detector as a function of ¢, and ¢,
describing the in-plane and out-of plane components. The primary beam is blocked by
a beamstop. As the X-ray beam has a large footprint along the sample, the resulting
diffraction pattern contains averaged structural information of the probed area.*"
Accordingly, GISAXS is a powerful tool to characterize the structural order of thin film

samples containing NCRS.[32’35’52’60’119’141’157’256’257]

Figure 2.12: Schematic drawing of gracing-incident small-angle X-ray scattering
(GISAXS). The incoming X-ray beam strikes the sample at an incidence angle «; and the
scattered photons are detected on a 2D detector as a function of ¢y and ¢,. [Adapted
from Meyer?*! and modified.]

In this thesis, GISAXS was used to investigate the structural properties of Au,, NCL
thin films and micro-crystals, presented in Chapter 5. Measurements were performed
by Martin Hodas with a Xeuss 2.0 (Xenocs) in-house setup of the group of Prof. Frank
Schreiber (Institute of Applied Physics, University of Tiibingen).
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2.5.2.4. Synchrotron radiation

The scattering acquisition time strongly depends on the intensity of the X-ray beam. A
source of very intense X-ray beams are electron synchrotrons. Electron synchrotrons
are facilities where X-ray beams are generated in an electron storage ring.*®) Bunches
of electrons are accelerated to relativistic velocities close to the speed of light and
inserted into the storage ring. This storage ring is divided into curved and straight
sections and the electrons are deflected from their paths by bending magnets, causing
the electrons to emit X-ray photons tangentially to the bending. According to Maxwell,
a charged particle emits electromagnetic radiation when its speed or direction of motion
is changed.! Additionally, insertion devices (undulators) are used in the straight
sections to generate X-rays. These devices consist of rows of magnets with alternating
polarity, forcing the passing electrons onto a sinusoidal path (wiggling), which in turn
produces a large flux of monochromatic X-ray photons.?%’ The X-rays generated in
this way are directed to designated beamlines where a variety of desired experiments
can be performed.

The synchrotron X-ray beams with high flux and brilliance and tunable energy
have the advantage of high intensity, which allows the acquisition of diffraction patterns
with high signal-to-noise ratio within short exposure times. Figure 2.13a,b displays the
storage ring PETRA III (Positron-Elektron-Tandem-Ring-Anlage) at DESY (Deutsches

Elektronen-Synchrotron) in Hamburg, Germany.

2.5.2.5. X-ray nano-diffraction

Besides the high intensity of the X-ray beam, synchrotron facilities offer unprecedented
experimental setups, such as the X-ray nano-diffraction setup of the coherence beamline
P10 of the PETRA III synchrotron source at DESY. Here, the GINIX (Gottingen
instrument for nano-imaging with X-rays) endstation is used to focus the synchrotron
X-ray beam down to a diameter of ~ 400 x 400 nm? (FWHM). 263264 Such small
beam diameters cannot be realized with conventional laboratory X-ray sources, whose
typical beam diameter are at least 1000x larger. The GINIX endstation is depicted in
Figure 2.13c.

In contrast to GISAXS with a large footprint, here the X-ray scattering is per-
formed in transmission mode, allowing the targeted structural investigation of defined
small areas of the sample. In this thesis, X-ray nano-diffraction with a simultaneous
detection of SAXS and WAXS is used to characterize highly ordered PbS NCR SLs in

microchannels with typical sizes of ~ 4 pm? on X-ray transparent Kapton devices. Kap-
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ton membranes are flexible films of polyimide, which are commonly used for windows on
X-ray setups and detectors due to the high transmittance to X-rays, % and for flexible
electronics due to their electrical insulation. Commercially available Kapton membranes
are mechanically durable as well as solvent- and temperature-resistant. ?! Accordingly,
this makes them unarguably the material of choice for our devices to perform X-ray
nano-diffraction and conductivity measurements (see Section 2.6.1) of the same PbS
NCR SL domains.

X-rays to
beamline

L

Figure 2.13: [Illustration of an electron synchrotron facility to generate X-rays.
(a) Photograph of the storage ring PETRA IIT at DESY. The expansion of the un-
derground ring is indicated by the orange marking. The buildings highlighted in blue
are the experimental halls. (b) Schematic drawing of a storage ring with its focusing
magnets (FM), bending magnets (BM) and insertion devices (ID). The generated X-rays
are directed to the beamline endstation. (c) Photograph of the coherence beamline P10
(DESY) endstation and the GINIX setup. The incomming X-ray beam is focused down
to a spot size of ~ 400 x 400 nm? (I) and focused onto the sample (II) mounted on a
movable stage. A movable microscope with integrated camera facilitates a rough sample
alignment (III). A two-dimensional detector positioned downstream allows simultaneous
SAXS and WAXS detection (IV). [Figures (a,b) adapted from [261:202] respectively.]
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The nano-focused X-ray beam with its high intensity allows to acquire diffraction
patterns within sub-seconds that would have required several hours of integration time
at a laboratory X-ray source. Hence, a mapping of targeted regions of only a few
~pm? is feasible by collecting hundreds of diffraction patterns in a raster grid. Such
a diffraction map is exemplarily shown in Figure 2.14a,b, including diffraction peaks
from the SL and the atomic lattice (AL). With this, the degree of crystallinity of a SL
domain can be identified (e.g. polycrystalline vs. monocrystalline) on both a local level

(single patterns) and a more global level (averaging of several patterns).

AN

Figure 2.14: X-ray nano-diffraction & angular X-ray cross-correlation analysis
(AXCCA). (a,b) Spatially resolved X-ray nano-diffraction maps of a PbS NCR SL
with indicated angular positions of the SL (a) and AL (b), consisting of 323 indi-
vidual diffraction patterns. The brown boxes indicate monocrystalline SL. domains.
(c) Schematic of AXCCA and graphical definition of the values required for the cross-
correlation function (CFF). White arrows indicate the positions of Bragg peaks from the
PbS AL in WAXS and SL in SAXS with the scattering vector ¢ and angular position .
The angle between the peaks is given by A. The SAXS area is enlarged for better visibility.
[(a,b) Adapted with permission from Zaluzhnyy et al.l[’6l (Copyright 2017, American
Chemical Society).]

2.5.2.6. Angular X-ray cross-correlation technique

Having collected diffraction patterns with SAXS and WAXS signals from NCR SLs, a
powerful tool is required to properly decode the structural order. For this, angular X-ray
cross-correlation analysis (AXCCA) is applied. This technique is a versatile method for
characterizing the structure and angular order of disordered or partly ordered systems
as colloids, liquid crystals and organic thin films 2% and recently NCR SLs. [36:57:270]

While details and the mathematical background can be found in literature*” =27 and
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Chapter 4 of this thesis, the main ideas of this method are introduced in the following.
AXCCA is based on the evaluation of the angular cross-correlation function (CCF) of
scattering intensity of a 2D detector.?™ By means of X-ray nano-diffraction, SAXS
and WAXS signals are acquired and attributed to scattering from the NCR SL and AL
of the individual NCRs within. A respective diffraction pattern is given in Figure 2.14c
and the corresponding simplified CCF is defined in Equation (2.5.4):

Cecr(qan,gsL,A) = /[(QAL#J)[(QSL?SD + A)dyp : (2.5.4)

Here, gar, and g¢gp, are the scattering vectors of the AL (WAXS) and the SL (SAXS),
respectively. I(q,p) is the corresponding intensity of the diffraction pattern at the
scattering vector ¢ and the angular position ¢. The angular variable A is given by the
distance between the two peaks, being in the range of —7 < A < 7. Thus, the angular
correlations between reflections in the WAXS and SAXS areas, resulting from the ALs
and SLs, can be quantified by analyzing the number and positions A of the determined
correlation peaks. With this, the orientation of individual NCRs within the SL can
distinctly be determined.

In this thesis, X-ray nano-diffraction measurements were conducted at DESY in collab-
oration with the group of Prof. Ivan A. Vartanyants. Combined with AXCCA, which
was mainly performed by Dmitry Lapkin, the structural order of PbS NCR SLs in

microchannels has been characterized. This is presented in Chapter 4.

To conclude, SEM imaging along with GISAXS and the combination of X-ray nano-
diffraction with AXCCA are ideally suited to precisely determine the structural order
of assemblies and SLs consisting of Au,, NCLs and PbS NCRs.
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2.6. Investigation of electronic properties

Having introduced the methods for identifying the structural properties of NCR SLs,
the techniques applied to unravel the electronic properties are described in the following.
Common techniques to investigate the charge transport properties of NCR SLs are
conductivity and field-effect transistor (FET) measurements, briefly explained below.

Further details can be found elsewhere. [67:218,248,274,275]

2.6.1. Conductivity measurements

Generally, the NCR SLs have to be integrated into a measurement device to establish
electrical contact with an external circuit. Typical two-terminal devices for conduc-
tivity measurements consist of two electrodes on an insulating substrate forming a
channel with length L and width W, as illustrated in Figure 2.15a. Using the NCR
assembling techniques described in Section 2.2.3, assemblies of NCRs can be deposited
and integrated into the channel.

In classical two-point conductivity measurements, a voltage difference V' is applied
between two electrodes, resulting in an electric field E inside the material under
examination, which in turn produces a current flow I. A source-meter unit records
the current flow for the applied voltage. For Ohmic contacts the work function of
the metal electrode is close to the NCR energy level relevant for charge transport
—i.e. 1S,/HOMO for p-type or 1S,/LUMO for n-type materials — resulting in a voltage
independent resistance R.[97270 Here, the current I through the material is proportional
to the applied voltage V', commonly known as Ohm’s law. As given in Equation (2.6.1),
linearly fitting the slope of I as a function of V' yields the conductance G, which is the

reciprocal of R:

I 1

G=_—=_
V R

(2.6.1)

From this, the electrical conductivity o can be determined by measuring the conductance
G as well as the geometric parameters length L, width W and height h of a NCR SL

channel, as given in Equation (2.6.2):

_G-L
W -h

o (2.6.2)

Thus, o is a measure of the ability of a material to conduct an electric current. %57
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To finally elucidate the charge transport mechanism of a given NCR SL device (see

Section 2.4), temperature-dependent measurements need to be performed.

In this thesis, home-built X-ray transparent Kapton devices were used as insulating
substrates to perform conductivity measurements as well as X-ray nano-diffraction (see
Section 2.5.2.5) of the same PbS NCR SL domains. Additionally, Si/SiO, wafers with
an oxide thickness of 200 nm and 230 nm and prepatterned electrodes were also utilized
throughout this thesis.

a L b L
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Doxide

. Si substrate
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Figure 2.15: Schematic drawings of (a) an X-ray transparent Kapton device for
conductivity measurements and X-ray nano-diffraction and (b) a field-effect transistor
(FET) device in bottom-contact bottom-gate configuration. The NCR SLs are deposited
on top of the Au electrodes, forming a channel of length L and width W. In both devices,
the source electrode is grounded.

2.6.2. Field-effect transistor measurements

In semiconductor materials, o depends on the mobility x and concentration n of the

present charge carriers, as given in Equation (2.6.3):
o =enp ) (2.6.3)

where e is the elementary charge. Thus, p and n are additional parameters quantifying
the electronic properties and electronic coupling of NCR SLs. The fabrication of FET
devices of NCR ensembles allows to determine their semiconducting behavior and the
field-effect mobility p of the corresponding majority charge carriers. These are electrons
e~ for n-type and holes h* for p-type semiconductors, respectively. 2%:9467]

FETs are three-terminal devices, where the current Isp between the source and
drain electrodes can be modulated by applying a gate voltage V; at the gate electrode,

which is separated from the semiconducting NCR channel by a thin dielectric layer
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(Figure 2.15b). Commonly, the substrate consists of a heavily doped Si wafer with an
insulating oxide (e.g. SiO,) layer as the dielectric medium.

The working principle of NCR FETs can be understood by considering the
corresponding band diagrams, which are schematically depicted in Figure 2.16a—d for
an ideal p-type semiconductor thin film transistor. In p-type semiconductors, the
Fermi level E is intrinsically closer to the VB. Without applied gate bias Vg =0V,
equilibrium is established and the Fermi levels Fr of the metal gate and semiconductor
are aligned (flatband condition, Figure 2.16a). If a negative gate bias Vg < 0 V is
applied, Er of the metal rises with respect to the semiconductor and the VB bends,
coming closer to the semiconductor Fermi level Er. Thus, holes are accumulated at
the semiconductor-oxide interface (Figure 2.16b). For a positive gate bias Vg > 0V,
E¥r is lowered, resulting in a downwards bending of the VB, which decreases the hole
density at the interface (depletion, Figure 2.16¢). Further increasing the positive gate
bias Vg >> 0 V results in an inversion, as Er of the semiconductor is closer to the
CB than to the VB. This reverses the mobile charges from holes to electrons, causing
a n-type behavior of the conductive channel due to accumulated electrons at the
oxide interface (Figure 2.16d). Hence, for p-type semiconductors, the conductivity is
increased by applying negative gate voltages due to the accumulation of holes at the
semiconductor-oxide-interface and decreased for positive gate voltages. This behavior is
vice versa for n-type semiconductors.

Investigating the behavior of a FET commonly includes two measurement types.
In the output characteristic, Isp is recorded as a function of Vgp for different Vg, as
schematically illustrated in Figure 2.16e. For small Vsp (Vsp << Vi), the current of
the conductive channel Isp increases linearly with Vgsp, which is referred to as the linear
regime. If Vgp is sufficiently large to interfere with the effect of the applied V(, the
conductive channel is pinched-off. Then a depletion layer around the drain electrode is
formed, resulting in a sublinear curve. Further increasing Vsp causes an expansion of
the depletion layer towards the source electrode, which finally results a saturation of
Isp, since the increasing resistance compensates the increase of Vgp.

When measuring the transfer characteristic, Isp is recorded as a function of Vg
for a constant Vgp. A schematic transfer curve in the linear regime is depicted in

Figure 2.16f. Here, the type of majority charge carriers can directly be identified by

Vg

g. Whereas a negative slope corresponds to p-type behavior, n-type semiconductors

dlsp
oVg !

also referred to as transconductance

considering the derivation of the transfer curve

the hole or electron

can be identified by a positive slope. From the derivation
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field-effect mobility 1 can be calculated, using the gradual channel equation in the

linear regime given in Equation (2.6.4):[25:67:218]

a]SD L tox
- R S 2.6.4
F=0Ve W eoerVap (2.6.4)

with the channel length L and width W, the thickness and the permittivity of the
dielectric oxide layer t,, and ege,., respectively, and the applied source-drain voltage
Vsp. Further, the ON/OFF ratio, which corresponds to the ratio of maximum and

minimum values of Isp, as well as the threshold voltage V;;,, being the gate voltage at
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Figure 2.16: Operation principle of a FET. (a—c) Energy band diagrams of an ideal
FET, where a p-type semiconductor (p-SC) is separated from a metallic gate (M) by an
oxide layer (O). (a) Flatband condition: for Vg = 0, Er of M and p-SC are aligned. Ecp,
Eyp and FE; correspond to the energy of the CB edge, the VB edge and the intrinsic
Fermi level, respectively. (b) Accumulation: for Vg < 0, Ex of M rises, causing band
bending and the accumulation of h™. (c) Depletion: for Vg > 0, Ef is lowered, resulting
in a decreased h™ concentration. (d) Inversion: for Vg >> 0, Ecp approaches Ep
of the p-SC and the concentration of e~ exceeds that of h', causing n-type behavior.
(e-f) Characteristic measurements of an ideal FET. (e) Output curve: Igp as a function
of Vgp for different V. The dotted line separates the linear (1) and the saturation (s)
regime. (f) Transfer curve: Igp as a function of Vg at a constant Vgp for a p-type
(red) and a n-type (blue) semiconductor. Vi is indicated for the p-type channel. Figure
modified from Hehenberger 277
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which a conductive channel is formed, can be determined. Both are common parameters
describing the performance of NCR FETs.

In this thesis, commercially available as well as home-built Si/SiO, devices with various
channel dimensions L and W were used to investigate the semiconducting behavior of
PbS NCR and Aus, NCL assemblies. In a typical FET measurement, the device under
consideration was placed in a probe station (Lake Shore, CRX-6.5K) under nitrogen
atmosphere or vacuum. The source and drain electrodes were contacted by W-tips
connected to a source-meter-unit (Keithley, 2636B) and a metallic base plate served as
the third electrode contacting the gate of the device. Both drain and gate electrodes
were referenced to the grounded source electrode. The Isp as well as the leakage current

through the dielectric layer I was recorded. The detected current was corrected as

ISD = ISD<VSD) — ISD<VSD = OV) and IG = IG<VSD) - I(;(VSD = OV)

To conclude, conductivity as well as FET measurements are appropriate means to
quantify the electronic properties of NCR assemblies and thus the electronic coupling
between the NCRs. Together with the described techniques for structural investigation,

a correlative study of structure-transport relationships can be pursued.
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2.7. Microfabrication techniques

In physical and chemical sciences one can distinguish between top-down and bottom-up
processes. The self-assembly of NCR building blocks to larger ensembles can be assigned
to a bottom-up process, while typical standard microfabrication techniques belong to

the top-down processes.

2.7.1. Conventional lithography & microfabrication

The following briefly introduces conventional (photo-)lithographic processes and micro-
fabrication techniques relevant for this thesis for readers unfamiliar with these methods.

Further details can be found elsewhere. [275-251]

2.7.1.1. Photolithography

The conventional technique of patterning structures in microfabrication is photolithogra-
phy, commonly applied in modern semiconductor industry and research. The first step in
this multi step process is the coating of the desired substrate with an UV-sensitive resist.
This is typically applied by spin-coating, whereby the film thickness can be controlled by
the rotation speed and by the properties of the resist, such as viscosity. The resist film
is then thermally cured (soft-bake). Next, the resist is locally exposed to UV radiation,
which is realized by blocking some parts of the radiation by applying a structured
photomask having opaque and transparent parts on top of the substrate. The partially
exposed resist, usually consisting of polymers, changes its chemical structure and thus
solubility. This is finally utilized by selectively removing the soluble parts of the resist
in a development step. When using positive photoresists, the UV radiation renders the
resist soluble, while the resist covered by the opaque parts is protected and remains
nearly insoluble. Thus, unexposed parts remain on the substrate after development in
a suitable solution. In contrast, for negative photoresists, the unexposed parts remain
soluble and can be removed, while the exposed parts become polymerized and thus
insoluble. Finally, the patterned resist is then used as a mask in subsequent deposition
or etching steps. In this high-throughput technique of contact photolithography, the
resolution of defined patterns is limited by the wavelength A of the radiation and the
photomask used, allowing minimum feature sizes of ~ 1 pm.?">%? In electron beam
lithography, where the resist is exposed by electrons with much shorter A\, smaller
structures can be realized. However, as the electron beam is gradually scanned over the

sample, this process requires significantly more time.
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2.7.1.2. Metallization

For subsequent material deposition, thermal evaporation is a standard technique to
deposit thin layers of metals or oxides onto the lithographically patterned sample. The
sample is placed in a vacuum chamber, where the coating material is heated typically
to a temperature above its melting point by resistively heating a boat or by electron
beam. The material evaporates and condenses in turn as a solid layer on the substrate.
The thickness of the film can be controlled by a quarz crystal microbalance. Finally,
the resist is dissolved, which also removes the remaining material on top (lift-off).
Consequently, the material in direct contact with the substrate remains and features
structures according to the pattern defined by the resist. Typical applications of material
deposition and lift-off are the thermal evaporation of metals (e.g. Au or Ti) to realize

electrode structures on substrates.

2.7.1.3. Wet etching

For pattern transfer by subsequent material removal, etching can be used. Here, the
partially (resist-) protected substrate is exposed to an etching medium, which can
either be a solution (wet) or plasma/ions (dry). In a wet etching process, the partially
patterned sample is immersed in a solution, which chemically reacts with the sample
surface to transfer the solid material into soluble compounds. The basic prerequisite
is that the etch mask, e.g. the patterned resist or an (silicon) oxide layer, is not
or significantly less attacked than the layer to be etched. Etching processes can be
described by the figures of merit selectivity and isotropy. Selectivity is defined as the
ratio of etching rates for two different materials and is of relevance for samples containing
multiple materials. Isotropy describes the direction dependency of the etching. While
in isotropic etching the material is equally removed in all directions, in an anisotropic
etching process, certain directions are favored, resulting in different etching rates.

As an example, the anisotropic etching of silicon by potassium hydroxide (KOH) is
based on the different etch rates along distinct crystallographic axes, caused by different
activation energies. The etch rate of the {100} crystal plane is about two orders of
magnitude higher as that of the {111} plane. 3?4 A typical example of isotropic wet
etching is the etching of silicon dioxide (SiO,) by hydrofluoric acid (HF).[2*
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2.7.1.4. Reactive ion etching
Another way for subsequent etching of lithographically patterned samples are dry
etching processes. A common type of dry etching is reactive ion etching (RIE).% In
a parallel plate RIE system, the sample is placed inside an evacuated chamber on a
sample stage. Depending on the desired process, certain gases are then introduced into
the chamber. By applying a radio frequency electric field between the sample stage and
the chamber wall, a plasma is ignited, consisting of ionized molecules, free electrons and
neutral molecules. Due to their small mass, the electrons can follow the oscillating field
and move alternatingly towards the sample stage and the chamber wall. While they
can flow off at the grounded chamber wall, a negative charge (of a few hundred volts)
builds up at the insulated sample stage. Due to the higher mass, the positively charged
ions are hardly affected by the oscillating field. However, they are then accelerated
within the positively charged plasma towards the negatively charged sample stage by
the built up static electric field. Here, the impinging ions can interact with the sample
in two ways, by sputtering/milling atoms from the sample due to the high kinetic energy
(physical etching) and by chemically reacting with the surface atoms to transfer them
into the gas phase. The desired requirements of selectivity, etch rate and the degree
of isotropy can be precisely adjusted by the selected process parameters, such as used
gases, gas flow, pressure and power.

A typical example of RIE is the anisotropic etching of resist-patterned SiO,
structures on silicon, where fluoroform CHF; gas is used due to its high selectivity of

[286

SiO, against Si.**! Common applications of etching are the fabrication of MOSFETS,

cavities and micromolds.

2.7.1.5. Profilometry

Profilometry can be used to measure the surface topography of a sample. In mechanical
profilometers, a diamond stylus is brought into contact with the sample and scanned
linearly across the surface.**” The stylus tip follows the contours and the corresponding
height is recorded at each position. This allows line scans of up to cm lengths over the
surface topography of the sample, enabling the determination of the surface roughness

or height profile of e.g. resist patterns with nm resolution.
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2.7.2. Soft-lithography & microcontact printing

Whereas the fundamentals of conventional lithography are given above in Section 2.7.1,
here the basics of soft-lithography and microcontact printing (nCP) are introduced. A
more detailed description can be found in literature. 20:288-292

Soft-lithography methods are widely used to fabricate nano- and micro-structured
surfaces and thin films. Whereas conventional (photo-)lithography is limited to the
usage of photoresists, soft-lithography techniques can be used to pattern a variety of
materials, ranging from small molecules to proteins and nanoparticles.*¥ In the follow-
ing, the material of interest, which might e.g. be dissolved or present as a continuous
layer on a surface, is referred to as ink.[?*"! These techniques are all based on the usage
of a structured elastomer for pattern transfer, where these elastomers can be utilized
as molds, stamps or masks. ?*®?!l However, the following focusses on microcontact
printing (1CP), where stamps with a patterned relief structure are used as the transfer
medium, as illustrated in Figure 2.17. Generally, the versatile and low-cost procedure of
nCP includes three major steps: the fabrication of the stamp, the inking of the stamp
with the material to be transferred and the printing step, where the material is printed

onto a desired substrate. 2"

-
a b
Auad — AN,
PDMS stamp
G
Figure 2.17: Illustration of the microcontact (nCP) process. ) An elastomerlc

stamp made of PDMS with a patterned relief structure is inked Wlth the material to be
transferred, e.g. small molecules, polymers or nanoparticles. (b) After drying, a thin film
is formed on the stamp. (c) The patterned thin film is transferred from the protruding
regions to the target substrate by nCP. [Figure adapted with permission and modified
from Yang et al.[?! (Copyright 2016, Wiley).]

The elastomer stamps typically consist of polydimethylsiloxane (PDMS), which is a cross-
linked polymer containing a —Si(CHs),—O— backbone.?® It is prepared by casting a
mixture of a prepolymer and cross-linking agent onto a master template featuring the
inverse of the desired pattern, followed by curing at elevated temperatures. Finally, the
patterned PDMS stamp can be peeled from the master template. These reusable masters

are prepared by conventional lithography methods described in Section 2.7.1. PDMS
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is an ideal material for soft-lithography processes, featuring a unique combination of
properties, such as elasticity, low interfacial surface energy, chemical inertness, thermal
stability, gas permeability and optical transparency. 235291

Having prepared the stamps, the inking takes place (Figure 2.17a). Inking can be
achieved by covering the patterned face of the stamp with the ink solution, by dipping it
into the solution or by pressing it onto a surface containing an ink layer.[*®”! After drying,
the ink is selectively transferred from the raised regions of the PDMS stamp by stamping
onto the desired substrate (Figure 2.17b,c). Conformal contact of the protruding regions
of the elastic stamp with the substrate is key for a successful transfer of the ink. "
The substantially lower surface energy of the PDMS stamp (~ 20 mJ m~2) compared
to typical target substrates (e.g. Si or SiO, with > 200 mJ m~2), together with the
high adhesive affinity of the ink components, allows the patterned films to be readily
transferred from the stamp to the target.?>'5 This technique has been successfully

applied to produce patterned monolayer films and three-dimensional nanoparticle
QL. [155,222,203,204]

In this thesis, the microfabrication techniques introduced above were used to fabricate
Kapton and Si/SiO, devices with patterned Au electrodes. In combination with nCP,
this allows the fabrication of PbS NCR SL microchannels with channel dimensions
approaching the size of typical single-crystalline domains. Further, these large-scale
microelectrode devices were used to individually contact self-assembled micro-crystals
of Aug, NCLs.
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3.1. Abstract

We report a high-throughput and easy-to-implement approach to fabricate microchan-
nels of nanocrystal superlattices with dimensions of ~ 4 ym?, thus approaching the size
of typical single-crystalline domains. By means of microcontact printing, highly ordered
superlattices with microscale dimensions are transferred onto photolithographically
prepatterned microelectrodes, obtaining well-defined superlattice microchannels. We
present step-by-step guidelines for microfabrication, nanocrystal self-assembly and pat-
terning to archive large quantities of up to 330 microchannels per device for statistically
meaningful investigations of charge transport in single-crystalline superlattice domains.
As proof-of-concept, we perform conductivity and field-effect transistor measurements
on microchannels of PbS nanocrystal superlattices. We find that the electric transport
within microchannel superlattices is orders of magnitude more efficient than within con-
ventional large-scale channels, highlighting the advantage of the near single-crystalline

microchannels presented in this paper.

3.2. Introduction

Colloidal nanocrystals (NCRs) are of high interest in academic research and technological
applications, due to their size-tunable optoelectronic properties.*1867 The self-assembly
of NCRs into highly ordered superlattices (SLs) provides a powerful platform for the
development of numerous solution-processed optoelectronic devices. [»%2426:54 Thege
periodic arrays mimic classical crystals in which atoms have been replaced by NCRs. In
analogy to atomic crystals, electronic coupling between neighboring NCRs can occur,
resulting in novel collective properties by design. SLs of NCRs are commonly fabricated
by the self-assembly of NCRs from solution, comprising the solvent-evaporation based
methods of drop-casting, spin-coating, dip-coating and the assembly at the liquid/air
interface(™. This allows NCR arrays to be realized with structures ranging from
2D monolayers!!?3196:157 to 3D arrays with standard SL structures (e.g. bcc, fec,
hep lattices) 81139133 and more sophisticated binary lattices.['27193:15%] Further, SLs
with oriented attachment of atomically connected NCRs with honeycomb or square
lattice structures can be achieved.''"190:297 Degpite their vast structural versatility,
all NCR assemblies suffer from one mayor drawback that restricts the exploration of
the fundamental electronic properties of these novel artificial solids: the assemblies

are rather heterogeneous and typical SL grain sizes are yet only a few to tens pm
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wide [BO37136:29) gych that the coupling between NCRs is limited to small domains,
caused by grain boundaries, cracks, voids and disorder. ?*%7215 However, typical devices
to investigate the electronic properties of NCR SLs involve active areas with much

2 15,6,39,119,123.207) Thyg measuring the electronic

larger dimensions of ~ 10%-10% pum
properties of these SL devices averages over the intrinsic properties of all present domains,
concealing the expected collective effects of single-domain NCR SLs. Accordingly, to
really pinpoint the intrinsic properties of NCR SLs, the active channel area between
two contacts has to be decreased to allow single-grain measurements. 720729 In this
respect, we explicitly do not refer to contactless measurement techniques (e.g. terahertz
spectroscopy), 73123219297 gince an actual implementation of SLs into real devices
requires contacting by electrodes. First indications of the effect of reducing the measuring
dimensions have been provided by Mentzel et al.,?') where nanopatterned NCR
films prepared by electron beam lithography have revealed 180x higher conductivities
compared to macroscopic films. Evers et al.[*®! have used scanning tunneling microscope
tips with distances of 500 nm to probe field-effect mobilities of single-grain SLs, reporting
that the absence of long-range order is limiting the mobility.

Here, we demonstrate our high-throughput, low-cost and easy-to-implement ap-
proach of fabricating microchannels of lead sulfide (PbS) NCR SLs to define active areas
with dimensions close to single domains. By means of microcontact printing (nCP), we
transfer periodic stripes of highly ordered NCR SLs with microscale dimensions onto
photolithographically prepatterned electrode devices. This leaves most of the substrate
area uncoated and is key to obtain well-defined microchannels. In the soft-lithography
technique of pCP, a patterned elastomeric stamp is used to transfer a NCR SLs to a
substrate while the stamp pattern is maintained.?*>2%8) Channels with dimensions of
~ 1 x 4 ym? fabricated in this way allow performing electronic measurements of single
crystalline SL. domains. We provide a step-by-step protocol to fabricate devices with
several hundreds of microchannels for a statistically meaningful investigation of the
electronic properties of single-crystalline SLs. This protocol is not limited to PbS NCRs
and applicable for a broad range of NCR materials and SL types.
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3.3. Methods

3.3.1. Materials

All required materials and equipment for the fabrication of microchannels are listed
below. Positive tone resist (ma-P 1205), negative tone resist (ma-N 405), developer
(ma-D 331/S) and remover (mr-Rem 660) were purchased from micro resist technology
GmbH, Polydimethylsiloxane (PDMS) Sylgard 184 prepolymer and cross-linker from
Dow Corning GmbH and hexamethyldisilazane (HMDS) as well as Tridecafluoro-
(1,1,2,2)-tetrahydrooctyl-trichlorosilane (F,;TCS) from Sigma Aldrich. For the electrode
devices, we used (100)-Si wafers with 200 nm SiO, (Siegert Wafer GmbH). However,
other substrates or wafers can also be used. (100)-Si wafers were used for the stamp
master fabrication, ideally with a SiO, layer of 100-200 nm. Standard chemicals as
acetone, isopropanol, ultrapure water, potassium hydroxide (KOH) pellets and buffered
oxide etch solution (BOE 7:1, (87.5% NH,F : 12.5% HF)) were used.

Oleic acid stabilized PbS NCRs were synthesized according to Weidman et al. [*°!
Cu-4,4",4” 4"”-tetraaminophthalocyanine (Cud4APc) was synthesized according to Jung
et al.?” Hexane, octane, acetonitrile and dimethyl sulfoxide, were purchased from

Acros Organics.

3.3.2. Fabrication process of Au electrode devices
with pm-gaps

(100)-Si wafers with a 200 nm SiO, layer were cut into 15 x 15 mm? pieces. HMDS
as an adhesion layer was applied: The samples were heated to 150 °C in a closed
glass Petri dish under nitrogen flow. After 15 min, the temperature was set to 120 °C
and one drop of HMDS was placed with a syringe next to the wafer pieces while the
petri dish was kept closed. After 5 min, the samples were slowly cooled down to room
temperature. A thin layer of the negative tone photoresist ma-N 405 was applied
(100 pl, maximum spin speed of 10,000 rpm, 30 s), followed by a soft bake at 95 °C
for 60 s. The thickness of the resist was 310 nm, measured by profilometry (Bruker,
Dektak XT). For exposure, an optical mask with the electrode structures as opaque
parts was used. The substrates were exposed for 45 s (365 nm, 325 W, Karl Stiss MA6
mask aligner) followed by development for 5-7.5 min in ma-D 331/S to remove the
unexposed parts, stopped by placing the sample into ultrapure water. The samples

were placed in a thermal evaporation system (Pfeiffer Vacuum PLS 570) under high
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vacuum conditions (1077 mbar). As an adhesion layer, ~ 2.5 nm of Ti was evaporated,
followed by ~ 8 nm of Au. The thickness and evaporation rate were controlled by a
quartz crystal microbalance. Finally, lift-off was performed in mr-Rem 660 assisted by

ultrasonication.

3.3.3. Fabrication of silicon stamp masters

First, the (100)-Si wafers were thermally oxidized for 75 min at 1,050 °C to yield a
Si0O, layer of around 100 nm. Alternatively, (100)-Si wafers with an initial SiO, layer
can be used. The Si/SiO, wafer were cut in 15 x 15 mm? pieces, with the cutting line
precisely aligned to the (110) Si direction (indicated by the wafer flat). HMDS was
applied as an adhesion layer, as described above. A 500 nm thick layer of the positive
tone photoresist ma-P 1205 was applied (100 pl, 3,000 rpm, 30s), followed by a soft
bake at 90 °C for 60 s. An optical mask with 15 pm wide stripes as transparent parts
was used. The stripes were aligned parallel to the (110) direction. Exposure for 1 s and
development for 60 s in ma-D 331/S removes the exposed parts (stripe profile). Next,
SiO, etching was performed in a reactive ion etching (RIE) system (Oxford Instruments,
Plasmalab 80 Plus) with the following process parameters: a mixture of CHF; and O,
(45 scem and 5 scem, respectively), a chamber pressure of 40 mTorr and a power of
150 W were used. The ideal etch time was 180 s (see Figure 3.3). Before and after
the CHF;-RIE, the substrates were cleaned with an oxygen plasma (50 sccm O,, 10 s,
100 mTorr, 40 W). Residual resist was removed by acetone. Before KOH etching, the
substrates were immersed in 1.2% HF solution for 60 s (1 ml of BOE 7:1 in 10 ml
ultrapure water) and then directly mounted in a home-built Teflon holder placed in an
8.8 M (36 wt%) KOH solution (27 g KOH in 48 ml ultrapure water) heated to 60 °C via
a water bath under stirring. The substrates were etched for 20-40 min and rinsed with
ultrapure water to stop the etching process. The substrates were immersed into an 1.2%
HF bath for 20 min and rinsed with ultrapure water to remove the SiO, etch mask.
For the surface functionalization, the substrates were heated to 150 °C in a closed Petri
dish under nitrogen flow. After 15 min, one drop of F,;TCS was placed with a syringe
in the Petri dish, which was then kept closed for 30 min. The functionalized silicon
masters were slowly cooled down to room temperature and rinsed with acetone and

isopropanol to remove excess F5;TCS.
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3.3.4. Fabrication of elastomeric stamps

The functionalized silicon masters were placed into a home-built Teflon chamber (3 x 3
masters). PDMS base and curing agent (Sylgard 184) were mixed in a 10:1 ratio (33 ml
in total to obtain 9 stamps of roughly 10 mm thickness) and stirred thoroughly for
~ 3 min. The mixture was placed in a vacuum desiccator to remove trapped bubbles
by multiple evacuation and re-pressurization steps and final evacuation for ~ 20 min.
The degassed PDMS mixture was poured onto the silicon masters in the Teflon well.
The well was placed in the desiccator and evacuated for another ~ 5 min to remove air
bubbles trapped at the master-PDMS interface. The PDMS was then cured overnight
(~ 16 h) in an oven at 150 °C. Shorter curing times increase the softness of the PDMS
stamps. The cured PDMS block was cooled down to room temperature and carefully
released from the Teflon well. Since a small amount of PDMS normally also wetted
the backside of the silicon master, this thin layer was removed with a razor blade and
the masters were then carefully peeled off (parallel to the trenches) from the PDMS
block. The stamps were cut into 10 x 10 x 10 mm? pieces with a razor blade, cleaned by
sonication in isopropanol and dried under pressurised nitrogen flow. The cubic shape

allows easy handling of the stamps by hand.

3.3.5. Self-assembly of NCR superlattice films at the liquid/air

interface

PbS NCRs with a diameter of 5.8 + 0.5 nm, stabilized with oleic acid, were dispersed
in hexane:octane with ratios from 1:0-0:1 at concentrations of 4-10 pM. A home-built

2 was filled with 1 ml acetonitrile and

Teflon chamber with an area of 10 x 10 mm
equipped with a lid to seal the Teflon chamber. A needle containing a PbS NCR
dispersion was mounted just above the acetonitrile subphase and connected to a syringe
pump. Another needle containing the ligand solution (Cud4APc in dimethyl sulfoxide),
connected to another syringe pump, was mounted within the subphase. The PbS
NCR dispersion (70-100 nl) was injected on top of the acetonitrile subphase, whereas
the injection speed was controlled by the syringe pump. The ligand solution (150 pl,
~ 0.1 mg ml™!') was injected at the bottom of the liquid subphase and ligand exchange

was performed over a duration of 4 h.
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3.3.6. Microcontact printing of NCR superlattice

microchannels

A micropatterned PDMS stamp was parallelly brought into contact with the floating
NCR SL film for ~ 5 s and excess liquid was removed from the stamp with a tissue. The
coated stamp was placed onto the Si/SiO, substrate with prepatterned electrodes for
~ 30 s and then removed in a tilted manner (parallel to the stripe profile). The stamped
substrates were vacuum-dried for a few minutes to remove excess liquid. The substrates
were then placed on a spin coater and covered with acetone to remove unbound ligands.
After 30 s, the acetone meniscus was removed by spinning at 1,200 rpm for 30 s. The
washing step was repeated once. This assembly and pCP process was performed in a

glovebox in nitrogen atmosphere (level of O, < 0.5 ppm and H,O = 0 ppm).

3.3.7. Characterization of superlattice stripes and

microchannels

Scanning electron microscopy (SEM) imaging was performed with a HITACHI model
SU8030 at 30 kV. For sideview investigation of SL stripes, devices were analysed under
a tilt angle of 85°. The thickness of the transferred SL stripes were investigated by
atomic force microscopy (AFM), conducted with a Bruker MultiMode 8 HR. Electrical
measurements were performed at room temperature in a nitrogen-flushed probe station
(Lake Shore, CRX-6.5K). Individual electrode pairs with a connected SL stripe were
contacted with W-tips, connected to a source-meter-unit (Keithley, 2636B). A base plate
served as third electrode contacting the gate of Si/SiO, devices. Two-point conductivity
measurements of individual microchannels were performed by applying several voltage
sweeps of £1 V and +£200 mV and detecting the current between the electrodes as
well as the leak current. Field-effect transistor (FET) measurements were conducted
by applying a constant source-drain voltage of Vsp = 5 V, while the current flow was
modulated by applying voltage sweeps in the range of 40 V < Vi <40 V on the gate
electrode. The detected current was corrected as Isp = Isp(Vsp = 5V)—Isp(Vsp = 0V)
and I = Ig(Vsp = 5V)—1Ig(Vsp = 0V). The gradual channel approximation was used
to calculate the field-effect mobility p of individual microchannels (see Supplementary

information in Section 3.6 for details).
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3.4. Results

We emphasize that the described process can easily be implemented in any laboratory
as long as the following standard microfabrication equipment is generally available:
Photolithography equipment like a spin coater, a mask aligner and an optical microscope,
a thermal evaporation system, a RIE system with O, and CHF; as process gases, and
other standard laboratory equipment such as Teflon petri dishes and a magnetic hotplate

stirrer.

3.4.1. Microchannel device layout

First, for a pCP process with a high success rate, an elastomeric stamp with an optimal
aspect ratio of its relief features has to be designed. Here, the width W of the stripes
is set to ~ 4 pm which is a typical grain size of SLs. The stamp feature height H
and feature distance D are chosen to have an ideal aspect ratio (H/W) according
to 0.5 < H/W > 5 and H/D > 0.05 to prevent lateral collapse and pairing of the

[200,292,300] Accordingly, a feature height of H = 8 pm and a

elastomeric stamp features.
feature periodicity of 80 pm (D = 76 pm) is selected.

Next, the layout of the finger electrodes is adjusted: The electrodes from opposite
directions overlap at their ends. The length of the overlap corresponds to the periodicity
of the stamp features of 80 pm. Thus, only one orthogonally transferred stripe connects
adjacent electrodes. With this device geometry, well-defined microchannels can be
realized where an entirely homogeneous electric field is established within the channel
and the direction of the electric field vector is well-known. One set of 12 electrodes form
11 individually addressable microchannels. On one substrate, 30 of these electrode sets
are present, yielding a total number of 330 microchannels per device (see Figure S3.1

in the Supplementary information).

3.4.2. Fabrication process of Au electrode devices

with pm-gaps
To warrant high throughput, Au electrodes with ~ 1 pm gaps are fabricated by UV
photolithography (Figure 3.1). The lift-off technique with a negative tone resist is
chosen for high-resolution patterning. As photolithography is diffraction limited, the
resolutions scales with ~ v/Ah, where ) is the wavelength of exposure and A the thickness

[282]

of the photoresist. Next to a short exposure wavelength, a resist thickness as thin
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as possible while retaining its functionality is required. This was empirically identified
as a thickness in the range of 250-350 nm, achieved by spin-coating the substrate with
a low viscosity resist at maximum spin speed. Furthermore, the photomask exhibits
opaque electrode structures which are separated by gaps of only 0.6 pm. The layout of
the photomask is given in Figure S3.1. Due to diffraction, the sub-pm gaps result in
~ 1 pm photolithography pattern transfer. Negative tone resist tends to form undercut
structures after development (Figure 3.1b), which are well-suited for lift-off processes.
After metallization with ~ 2.5 nm Ti and ~ 8 nm Au, the lift-off of the residual resist
and metal layer on top results in Au electrodes with ~ 1 pum gaps, referred to as channel
length L, and smooth edges (Figure 3.1c). Thin electrodes with smooth edges are
desirable as they prevent breaking of the transferred SL stripes at the edges.

The presented guideline for the fabricated Au electrodes with ~ 1 pm gaps on
Si wafers with an SiO, layer of 200 nm allows to perform e.g. two- and four-point
measurements as well as field-effect transistor measurements. Generally, this approach

can easily be adjusted for other substrates, such as glass slides or polyimide membranes.

£
\ .

Figure 3.1: Fabrication of prepatterned electrode devices. (a) Optical micrograph of a
Si/Si0, substrate with developed negative tone resist pattern (dark green) of <1 pm
width and a thickness of 310 nm. (b) SEM micrograph of an ~ 800 nm wide resist patterns
under a tilted view of 85°. (c¢) Optical micrograph of the substrate after metallization
and lift-off. Well-defined electrodes with gaps of < 1 pum are formed. The respective
schematic drawings are provided at the top of each subfigure.
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3.4.3. Fabrication process of silicon masters and

elastomeric stamps

To meet the above-mentioned requirements for the elastomeric stamps, especially the
relatively large relief height of 8 pm, a silicon master fabrication by means of anisotropic
etching in aqueous KOH solution was chosen. We used (100)-Si wafers for the etching
process, as this can produce trenches with inclined {111} walls.[**) The etch rate
of silicon differs for the crystal planes, caused by different activation energies. The
selectivity of the etch rate of the crystal planes {100}:{111} is about 100:1.12%3 Thus, the
{111} plane effectively serves as an etch stop. This technique provides the advantages
of atomically flat defined sidewalls and the possibility to adjust the width of the stamp
features by controlling the etching depth/time, while the inclined (non-vertical) sidewalls
of the final elastomeric stamps improve their stability. In comparison, photoresist-based
masters suffer from only poorly defined side-walls and lower thermal stability. This
may alter the shape of the resist profiles during the fabrication and molding (PDMS
baking) process. Further, changing the relief width requires a new lithography mask.

The fabrication process of stamp masters of atomically precise silicon relief with
dimensions introduced above is schematically illustrated in Figure 3.2 and detailed
in the methods. The relief pattern can be changed considering the standard pCP
concepts?*) and the process can easily be adjusted.

First, the desired stripe profile pattern is transferred by standard photolithog-
raphy, using positive tone resist with high stability against dry etching processes
(Figure 3.2a-d). Alternatively, negative tone resist together with an inverted pho-
tomask could be used. The photomask contains a stripe pattern with a periodicity of
80 pm, matching the electrode overlaps. Considering the angle of 54.7° between the
{100} and {111} silicon planes, the width of the stripes is set to 15 pm (Supplementary
information in Section 3.6 and Figure S3.2 for details). This finally results in 4 pm
wide trenches after etching to a depth of 8 pm. Since the desired anisotropic etching of
Si strongly depends on the orientation of the crystallographic planes, it is crucial that
the patterns are parallel to the (110) direction (Figure 3.2d).

To transfer the pattern into the SiO,, which serves as a mask during KOH etching,
the substrates are etched in a RIE system using CHF, (Figure 3.2e) due to its high
selectivity between silicon and SiO,.[**%l The residual resist is removed and the depths
of the etched trenches are measured by profilometry (Figure 3.2f). As apparent in
Figure 3.3, after etching for 150 s the etch rate declines from ~ 42 nm min~" for SiO,

to ~ 2 nm min~! for Si, as the 100 nm thick SiO, layer is fully removed and the silicon

60



[ISi
WSiOx
Mresist
EPDMS
removal

- -

Figure 3.2: Fabrication process of silicon master. (100) Si wafer with a 100 nm
thick SiO, layer. (b) Positive tone resist (~ 500 nm) is apphed (c) UV exposure with
an optical mask with transparent stripes of 15 pm width and a periodicity of 80 pm.
The stripes are aligned parallel to the (110) Si direction. (d) After development, SiO,
is exposed and (e) removed via reactive ion etching. (f) Residual resist is removed,
exposing the patterned SiO,, which serves as an etch mask in the anisotropic KOH
etching (g). The {111} plane serves as etch stop, resulting in inclined trenches with an
angle of 54.7°, a base width of ~ 4 ym and a depth of ~ 8 pm. (h) Removal of the SiO,
layer with buffered oxide etch yields Si masters. After functionalization with F,3TCS as
an anti-sticking layer, they can be used as molds for soft-lithography stamps made of
PDMS with the negative relief (i,j).
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surface is exposed. Thus, an etch time of ¢ > 150 s is chosen to ensure a full removal
of the exposed SiO, areas (¢t = 180 s). The SiO, pattern prepared in this way serves
as an etch mask during the KOH etching, which allows to transfer the pattern into
silicon. Before KOH etching, the native ~ 2 nm thick SiO, layer formed at ambient
conditions®*!) needs to be removed by a HF dip.

During anisotropic KOH etching, the substrates are mounted in a home-built
Teflon holder that enables to suspend the substrates vertically into the KOH bath, with
the line pattern parallel to the flow direction of the stirred KOH solution (Figure 3.2g).
This facilitates the removal of H, bubbles formed during etching. After 40 min, trenches
with base widths of ~ 4 pm are observed, corresponding to an etch depth of ~ 8 pm,
as shown in Figure 3.4a,b. The line patterns are oriented parallel to the (110) silicon
direction, resulting in well-defined trenches with an inclination angle of 54.7°, caused
by the {111} facets serving as an etch stop. The undercut at the edges of the SiO,, etch
mask can clearly be identified, as well as residual SiO, agglomerations accumulated at
the base of the trench. The undercut of several hundreds of nm is formed as etching of
the {111} facet is marginally present. The experimental etch rate of the {100} facet is
calculated to be ~ 200-250 nm min~!. This is in good agreement with the expected
etch rate of ~ 300 nm min~! by Seidel et al for an 8.8 M KOH solution at 60 °C, which
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Figure 3.3: Etch rate of SiO, by CHF3-RIE. (a) Measured depth of the etched
part as a function of etch time (CHF;-RIE). After etching for 150 s, the etch rate
declines as the SiO, is fully removed and the Si surface is exposed. The etch rate at
t < 150 s is ~ 42 nm min~! and corresponds to SiO,, whereas at t > 150 s the rate is
~ 2 nm min~! and corresponds to Si. The thickness of SiO, can be determined to be
~ 100 nm. Error bars represent the standard deviation of several measurements. The
colour code indicates the transition from SiO, to Si. This step corresponds to Figure 3.1d-{.
(b) Optical micrograph of a sample after RIE and resist removal. The trenches in the
Si0, layer exposing bare Si can easily be identified. This corresponds to the schematic
drawing in Figure 3.2f.

further shows a SiO, etch rate of ~ 0.1 nm min~!.[2%?]

To remove the residual SiO, etch
mask and agglomerations at the base of the trenches, the substrates are treated with
BOE (Figure 3.2h), resulting in atomically defined side walls (Figure 3.4cf).

Finally, the surfaces of the patterned Si substrates are functionalized with F,;TCS
as an anti-sticking layer, adapted from Beck et al.,[’? which prevents the sticking
of the cured elastomeric stamps to the silicon surface.**%32 When showing a highly
hydrophobic surface, the modification of the samples was successful. The final silicon
masters can be reused dozens of times to serve as molds for PDMS curing (Figure 3.2i,j).
Figure 3.4g,h shows a cured PDMS stamp, which is exactly the negative of the stamp
master: a stripe relief with a periodicity of 80 pm, where the individual protrusions

have an inclination angle of 54.7° and a base width of ~ 4 pm.
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Figure 3.4: Stamp master fabrication and molding of PDMS stamps. (a,b) Optical
micrographs of the stamp master after anisotropic KOH etching for 40 min, focused at
the upper edge (a) and the base (b), respectively. (c,d) Optical micrographs of the same
stamp master after removal of the SiO, etching mask by BOE treatment. The SiO,
undercut (c) and the residual SiO, parts accumulated at the base (d) are clearly removed,
resulting in atomically defined side walls. (e,f) Corresponding SEM micrographs of a
stamp master in top view (e) and under a tilt view of 40° (f). (g,h) Optical micrographs
of the cured PDMS stamp, which is exactly the negative of the stamp master, given by
the inclination angle of 54.7°. The corresponding side-views of the PDMS stamp are
shown in (i,j), respectively. The respective schematic drawings are drawn at the top of
each subfigure.

3.4.4. Microcontact printing of microchannels

We emphasize that the fabrication of SL microchannels is neither limited to the nano-
crystals/nanoparticles we have used, nor to self-assembly of the NCRs at the liquid/air
interface.

Here, we use PbS NCRs functionalized with the organic m-system Cu4APc as a
model system. Cu4APc replaces the native oleic acid ligands, resulting in highly con-
ductive SLs together with long-range ordering. '/ The organic semiconductor Cu4APc
with its functional groups serves as a linker between adjacent NCRs and couples them
chemically through binding to the NCR surface (long-range order) and electronically via
potentially near-resonant alignment of suitable energy levels and reducing the energy
barrier between adjacent NCRs (enhanced conductivity).®%! As the native oleic acid
stabilized PbS NCRs are soluble in alkanes, the liquid/air interface method developed
by Dong et al. can be applied.!"'”) This is schematically illustrated in Figure 3.5ac.

The NCR dispersion is spread onto the surface of a polar liquid and after evaporation
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of the solvent, the NCRs self-assemble into a floating SL film. The thickness and
homogeneity of the film can be controlled to a certain degree (e.g. monolayer vs. thick
film) by changing the NCR dispersion volume, concentration, injection speed, and the
evaporation controlled by the adjustable sealing. After injecting a ligand solution into
the polar subphase, the Cu4APc ligands diffuse through the liquid subphase to the NCR
SL film and replace the insulating native oleic acid ligands, which renders the highly
ordered SL conductive.!'?*] The floating SL film can now be transferred onto a patterned
PDMS stamp by approaching the stamp onto the liquid/air interface (Figure 3.5d,e).
Well-defined stripes of the NCR SL film are finally printed to a solid substrate with
prepatterned electrodes by pCP, as displayed in Figure 3.5f,g. Adjacent electrodes are
connected by an orthogonal SL stripe, forming an individual microchannel with length

L ~ 1 ym and width W & 4 pm, respectively (Figure 3.5h).

“z ’:u»j;

Figure 3.5: Schematic of the self-assembly and ligand exchange of PbS NCR SLs
and pCP to form microchannels. (a) A home-built Teflon chamber is filled with ace-
tonitrile as the liquid subphase. (b) A dispersion of oleic acid stabilized PbS NCRs
is injected on top of the subphase and as the dispersion solvent evaporates, the NCRs
form a freely floating SL film. (c¢) The ligand solution (Cu4APc in dimethyl sulfox-
ide) is injected into the bottom of the liquid subphase, the CudAPc ligands diffuse
through the subphase and replace the native oleic acid ligands of the PbS NCRs.
(d,e) A micropatterned PDMS stamp is inked with the SL film by parallelly approaching
the floating film. (f,g) The inked stamp is brought in contact with the electrode device,
transferring stripes of the self-assembled SL film. (h) Adjacent electrodes are connected
by an orthogonal SL stripe, forming an individual microchannel with length L ~ 1 pm
and width W & 4 pm, respectively. Up to 330 microchannels can be realised per device.
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Figure 3.6a—d shows a PDMS stamp coated with a SL film before and after pCP.
After stamping onto a substrate, the film is successfully transferred from the base
of the stripes, whereas the spaces between the bases are still coated. Accordingly,
nm-patterned areas of SL films can be transferred (Figure 3.6e). The own weight of
the ~ 1 cm? sized PDMS stamp is sufficient for a highly successful transfer rate of the
SL films. The application of additional pressure deforms the elastomeric PDMS stamp

(sagging) and, consequently, parts of the interspace between the protruding stripes are
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transferred, which is undesired (Figure 3.6f,g).
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Figure 3.6: Soft-lithography stamps coated with NCR thin films. (a,b) Optical
micrographs of a PDMS stamp after coating with a NCR SL film. Both the base of the
stripe (a) as well as the space between the stripes (b) are coated. (c,d) After stamping
the PDMS stamp onto a substrate, the SL film is transferred from the stripe base (c),
whereas the space between the bases is still covered (d). The respective schematic drawings
are drawn at the top of each subfigure. (e) Optical micrograph of three microcontact
printed SL stripes on a Si/SiO, substrate. The different colorations indicate the need
for microchannels to characterize single-crystalline domains. (f,g) Optical micrograph
of a Si/SiO, substrate after pCP with a coated PDMS stamp. (f) Pressure which is to
high causes deformation of the elastomeric stamp and parts of the space between the
protruding stripes are transferred. (g) The own weight of the PDMS stamp is sufficient
for a transfer of the thin film with ~ 100% success rate. The white arrows indicate the
periodicity of 80 pm.
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Figure 3.7a,b displays microchannels of self-assembled NCR, SLs, where one of the
transferred well-defined SL stripe connects adjacent electrodes. The formed microchannel
is defined by the length between two adjacent electrodes (L &~ 1 yum), the width of the
transferred stripe (W ~ 4 pm) and the thickness h of the NCR SL (Figure 3.7¢,d).
Remarkably, SLs of different thicknesses (ranging from continuous monolayer to 3D films
with thicknesses of up to 2 pym) can be transferred (Figure 3.7e), as the film morphology

(meaning areas of different thicknesses) is preserved during the stripe stamping process.
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Figure 3.7: PbS NCR SL microchannels formed by nCP. (a,b) Optical micrographs
of a set of electrode pairs (yellow) on a Si/SiO, device, where an orthogonally stamped
PbS NCR stripe (brown) connects adjacent electrodes to form microchannels which can
be contacted individually. The schematics indicate the nCP process with the patterned
stamp. (c,d) Scanning electron micrographs in sideview (85° from normal) of typical
microchannels of PbS NCR SL stripes microcontact-printed across two Au electrodes.
(e) Distribution of the thickness h of transferred SL stripes shows that SLs in a wide range
of thicknesses can be transferred (n = 276 from several samples). Inset: High-resolution
scanning electron micrograph of the well-defined edge of a transferred NCR SL stripe
(sample tilted by 85° from normal).

3.4.5. Electronic measurements of superlattice microchannels

Figure 3.8a shows a microchannel, where the NCRs within the SL are highly ordered
over the entire channel dimension (Figure S3.3). In these microchannels, the dimensions
of the channel itself and the grain-size of typical SLs match. Remarkably, the structural
order of the micrometer-sized crystalline SL domains is preserved, which was not
achieved in previous attempts. **?l After successful fabrication of SL microchannels, a
proof of concept of electronic measurements is given in the following.

Figure 3.8b displays a characteristic two-point conductance measurement of
one individual microchannel, showing Ohmic behavior in the range of +1 V. This

allows determining the conductance value G, which is the slope of the I-V curve,
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and the conductivity o = (G - L)/(W - h). Measuring approximately two hundred
individual microchannels yields a distribution of electric conductivities in the range of
oc=10"510"3Sm™!.

In addition to conductivity measurements, field-effect transistor (FET) measure-
ments can be performed on individual microchannels, as shown in the exemplary
transconductance curve in Figure 3.8c. The microchannels consisting of PbS NCRs func-
tionalized with the organic m-system Cud4APc show p-type behavior, which agrees with
our previous study on the same material. ">l Using the gradual channel approximation
(see Supplementary information in Section 3.6 for details), the field-effect hole mobilities
p(h™) can be estimated to be in the range of u(h™) = 1076-10"% cm? V~! s71, reaching
values of up to 2 x 107* em? V= s7! (Figure 3.8d). The transconductance curve ex-
hibits a hysteresis, which is commonly observed in NCR transistors and attributed to
charge carrier trapping at the dielectric/NCR interface or NCR trap states. **

Finally, we compare the tailored microchannels with conventional channels, where
interdigitated  electrodes probe large areas of ~ 1-20x10* pm?  (with
2.5 pm < L < 50 pm and W up to 1 em), as displayed in Figure 3.8e. Accordingly,
using such conventional channel averages over different SL. domains and their properties
present in the channel. Figure 3.8f shows the geometry-normalized conductance values
Ggeom = G - (L/W) of conventional channels and microchannels. For large conventional
electrode devices with inhomogeneous SL coatings, the conductivity cannot be calcu-
lated due to nonuniform thicknesses. However, the distributions of Ggeom can clearly be
separated, and it is apparent that the normalized conductance of microchannels exceed
that of conventional interdigitated electrode devices. Thus, electric transport within
microchannel SLs is orders of magnitude more efficient than within the larger state-of-
the-art electrode system. This highlights the advantage of the near single-crystalline
microchannels presented in this paper.

However, some limitations should be noted. Here, the SL film morphology can
only be controlled to a certain degree. As the morphology is preserved during the stripe
stamping process, microchannels with different SL thicknesses are obtained. Further
optimizing the liquid/air interface method could yield more homogeneous thickness

distributions.

67



e IS-D
olg

’ 0
&%’0 ’3}3’. ® o

10712 ‘

-40 -20 0 20 40
Gate voltage (V)

b 15 ®
K2 @ M microchannels
50 [ c area ~ 4 ym?
2 = % Dconvengig?al i
o < < area ~ um
bt 510 2
8 0F0:90-0-0.0-0.-0-0-0.870-0-0-000-00¢"F s} o)
5 : 8
Q
O *lsp €5 E
-50 —fit 3 z
° IG 0 0
-1 05 0 0.5 1 108 108 10 107 10* 10 102 107" 10° 10" 10% 10°
Voltage (V) Mobility p(h*) (cm?/Vs) Ggeom (PS)

Figure 3.8: Electronic measurements of SL microchannels. (a) Scanning electron
micrograph of a typical SL microchannel with L =1 pm and W = 3.0 £ 0.4 pm. The
inset shows the fast Fourier transform, taken at the highlighted area (red box), in-
dicating highly-ordered NCRs over the entire microchannel. The scale bar of the
inset corresponds to 0.6 nm~!. A high-resolution micrograph of this SL is given in
Figure S3.3. (b) Typical I-V-curve of a microchannel of a PbS NCR SL, showing
Ohmic behavior. The linear fit of the current Isp yields the conductance. The leak
current Ig is negligible (Vg = 0 V). (c) Transconductance curve of a microchannel where
the source-drain current Isp is modulated by the applied gate voltage Vi (constant
source-drain voltage of Vgp = 5 V). The leak current I is orders of magnitude lower.
(d) Distribution of field-effect hole mobilities y(h*) of n = 84 individual microchannels.
(e) Optical micrograph of a typical conventional channel coated with a PbS NCR SL
film. Interdigitated electrodes probe areas of ~ 10* pm? (L = 20 pm, W = 1 cm).
(f) Distribution of geometry-normalized conductance of conventional channels (green,
n = 28) and microchannels (red, n = 211), Vo = 0 V. Here, Ggeom = G - (L/W).

In addition to the effect of single-crystallinity, the effect of an increased probability
for the formation of percolative networks might play a role. In a previous report, we
have already verified that contact resistance of these materials on the conventional
substrates is insignificant compared to the bulk resistance.!'?) While we cannot rule
out that contact resistance may play a role with the microchannels presented here, its
effect would most probably be an increase of the overall resistance. Thus, it cannot

explain the improved transport properties shown here in Figure 3.8.
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3.5. Conclusion

To conclude, we have fabricated microchannels of NCR SLs, where the channel di-
mensions approach the typical grain size of self-assembled SLs of a few pym? by using
the soft-lithography technique of nCP. This was achieved by combining the top-down
processes of anisotropic etching of silicon and photolithography together with the
bottom-up process of NCR self-assembly and ligand exchange at the liquid/air interface.
Step-by-step protocols are provided which are easily adjustable for different NCR and
SL types. We demonstrate proof-of-principle by fabricating microchannels of near single-
crystalline domains of highly ordered coupled PbS NCRs and measuring the electric
conductivities as well as field-effect mobilities. A comparison of the SL. microchannels
with conventional state-of-the-art electrode devices reveals the advantageous effect of
the near single-crystalline microchannels, presented in this paper. These microchannel
NCR SLs enable novel opportunities for studying fundamental physical properties of

NCR ensembles, such as anisotropic electric transport. %]
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3.6. Supplementary information

Layout of photomasks
Figure S3.1 displays the design layout and the photomask for the fabrication process
of electrodes with pm-sized gaps. As negative tone resist is used for high-resolution

patterning, the electrode structures are opaque.
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Figure S3.1: Layout of the photomask to create electrode gaps for the microchannels.
(a) Schematic of the photomask of an entire substrate with 15 x 15 mm?. 30 electrode sets
are arranged in a 5 x 6 matrix. (b) Schematic of an individual electrode set consisting
of 12 electrodes converging from opposed directions in an alternating manner. Each
electrode can be contacted by a 250 x 250 pm? contact pad. Labels provide orientation.
(c) The alternating electrodes form 11 electrode gaps with an overlap of 80 pym. The
distance between two electrodes is set to 600 nm. In total, 330 electrode gaps are present.

Figure S3.2 displays the design layout and the photomask for the fabrication process
of the stamp masters. The stripes are transparent, since positive tone resist was used.
As the final stamp dimensions width and height are set to W =4 pm and H = 8 jm,
respectively, the width of the photomask stripes is W* = 15 pm, considering the
angle of 54.7° between the (100) and (111) Si plane: z = m = 5.6 pm and
W* =2x+ W =152 pm.
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Figure S3.2: Layout of the photomask to fabricate Si-based stamp masters.
(a) Schematic of the photomask of an entire 15 x 15 mm? substrate. (b) Transparent
stripes with periodicity of 80 pm and a width of 15 pm are present.

Field-effect transistor measurements on microchannels
To calculate the field-effect mobility u of individual microchannels, the gradual channel

equation is used, given in equation S3.1.12"

oI, L tox
8‘/(; W 505rVSD
%I?Sg corresponds to the derivation of the transconductance curve (Isp as the detected

source-drain current and Vg as the applied gate voltage). L and W are the microchannels
length and width. t,; and e, are the thickness and the permittivity of the dielectric
Si0, layer, respectively. Vgp corresponds to the applied source-drain voltage. While
the geometry of our microchannels is not ideal for FET measurements, this approach is

sufficient for a qualitative comparison of different microchannels.
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SEM and AFM investigation
Scanning electron micrographs of transferred PbS NCR SLs are given in Figure S3.3.

An atomic force micrograph of a SL microchannel is given in Figure S3.4.

Figure S3.3: Scanning electron micrograph of typical PbS NCR SLs transferred via
nCP. (a) Magnification of the SL of the microchannel shown in Figure 3.8a. (b). High-
resolution micrograph of a SL edge. Well-defined edges are present and structural order

is preserved.

A
\

Yr=07pm

wrl /¢ :4

‘ /0.25 Hm
x: 6.8 um 0 pm

Figure S3.4: Atomic force micrograph of a typical SL microchannel. The dimensions
of the microchannel are L = 0.7 pm, W = 5.5 pm and h = 250 nm. Additional to
the 4 ym wide stamped SL (left side), an additional part from the inclined side-wall is
transferred (right side).
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4.1. Abstract

The assembly of colloidal semiconductive nanocrystals into highly ordered superlattices
predicts novel structure related properties by design. However, those structure-property
relationships, such as charge transport depending on the structure or even directions of
the superlattice, have remained unrevealed so far. Here, electric transport measurements
and X-ray nano-diffraction are performed on self assembled lead sulfide nanocrystal
superlattices to investigate direction-dependent charge carrier transport in microscopic
domains of these materials. By angular X-ray cross-correlation analysis, the structure
and orientation of individual superlattices is determined, which are directly correlated
with the electronic properties of the same microdomains. By that, strong evidence for
the effect of superlattice crystallinity on the electric conductivity is found. Further,
anisotropic charge transport in highly ordered monocrystalline domains is revealed,
which is attributed to the dominant effect of shortest interparticle distance. This implies
that transport anisotropy should be a general feature of weakly coupled nanocrystal

superlattices.

4.2. Introduction

Semiconductive nanocrystals (NCRs) can be self-assembled into ordered superlattices
(SLs) to create artificial solids with emerging collective properties.>?4%! Computational
studies have predicted that properties such as electronic coupling or charge transport
are determined not only by the individual NCRs but also by the degree of their organi-
zation and structure.?$44%648] However, experimental proof for a correlation between
structure and charge transport in NCR SLs is still pending. Previous experimental
research on NCR SLs has either focused solely on the process of self-organization and

[32,34-36,141,195] ) "in separate studies, on charge transport and electronic

structural order
properties. [7:25:40:42:53.207 Ty order to reveal potential transport anisotropy, a correlated
investigation of charge transport and structural order on the same NCR SL is required.
This allows addressing a variety of fundamental questions. Are the electronic proper-
ties of NCR SLs influenced by the SL type and orientation? Do polycrystalline and
monocrystalline SLs differ in conductivity? What is the degree of transport anisotropy
in NCR SLs?

Here, we address these questions by a direct correlation of the structural and

electronic properties of SLs composed of electronically coupled PbS NCRs. We

74



perform X-ray nano-diffraction and apply angular X-ray cross-correlation analysis
(AXCCA)BO3727 to characterize the structure of the SL, which are correlated with
electric transport measurements of the same microdomains. By that, we reveal an-
isotropic charge transport in highly ordered monocrystalline hexagonal close-packed
(hep) lead sulfide (PbS) NCR SLs and find strong evidence for the effect of SL crys-

tallinity on charge transport.

4.3. Results & discussion

4.3.1. Microchannels of self-assembled PbS NCRs
As a model system we use oleic acid (OA) capped PbS NCRs with a diameter of

5.8 £ 0.5 nm, which are self-assembled and functionalized with the organic m-system
Cu4APc (Cu-4,4’4” 4'-tetraaminophthalocyanine) at the liquid-air interface (details
in Figure S4.1-54.2).1"") This results in long-range ordered and highly conductive SLs,
since the rigid and relatively long ligands reduce the energy barrier for charge transport
without deteriorating structural order, as it was shown previously.®'?3] Hence, the
hybrid system of PbS NCRs and Cu4APc is an ideal compromise between increased
electronic coupling and long-range ordered SLs, which was a fundamental prerequisite for
this study. By means of soft-lithographic microcontact printing (nCP), % we transfer
stripes of PbS NCR-Cu4APc SLs with a width (W) of roughly 4 pm onto trenches
of ~ 1 pm length (L) between two gold contacts on X-ray transparent Kapton and
Si/Si0, substrates. This defines individually addressable microchannels with L ~ 1 pm,
W a4 um, and thickness h (Figure 4.1a—e). Since this area is comparable to the typical
grain size of PbS NCR SLs, "l these microchannels enable transport measurements in

single-crystalline PbS SLs.

4.3.2. Electric transport measurements

In Figure 4.2, we display the charge transport characteristics of the microchannels as well
as its dependence on the thickness of the SL and the probed area. The conductivity o is
calculated as 0 = (G - L) /(W - h) for all individual microchannels from two-point probe
conductance (G) measurements (Figure 4.1e, Figure 4.2a). Within the approximately
two hundred individual microchannels measured, we observe electric conductivities in a
wide range of values (1075-107% S m™?!) (Figure 4.2b). This distribution correlates with
the thickness of the SL (Figure 4.2¢), which also varies by two orders of magnitude
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Figure 4.1: Microchannels of PbS NCR SL for conductivity and X-ray nano diffraction
measurements. (a) Optical micrograph of an orthogonal PbS NCR stripe connecting
adjacent electrodes to form individually addressable microchannels. Scale bar: 40 pm.
(b) Scanning electron micrograph in sideview (85° from normal) of a typical microchannel
consisting of a ~ 200 nm thick PbS NCR SL stripe across two Au electrodes. Scale bar:
300 nm. (c) High-resolution SEM micrograph showing self-assembled PbS NCRs within
a microchannel with near-range order, as indicated by the fast Fourier transform (inset).
Scale bar: 100 nm. (d) AFM micrograph of a microchannel on a Kapton substrate.
(e—f) Schematics of a SL domain on a Kapton device forming a microchannel with length
L ~ 1 pm and width W a 4 pm to characterize the electronic properties (e) as well as
the structural properties with X-ray nano-diffraction by means of SAXS and WAXS (f).
Spatial mapping is performed along x and y directions.

over the large number of microchannels analysed here. The correlation is non-linear
with a maximum in o for thicknesses from 70 to 200 nm. Using Si/SiO, as substrate,
we performed field-effect transistor (FET) measurements of the PbS NCR-Cu4APc
SLs, revealing p-type behavior, which agrees with our previous study (Figure S4.3).[1%’]
The microchannels show hole-mobilities up to p ~ 10™* em? V~! s71. Based on these
transport properties and previous reports on the importance of mid-gap states in PbS
NCR materials, we believe that transport in the present material occurs predominantly
via hopping through trap states close to the valence eigenstate (the 1S, state).[*306:307]

We tested the effect of domain boundaries within the SL on electric transport on
the same substrates measuring the geometry-normalized conductance of PbS NCR SLs
over large active channel areas of ~ 10* pm? (Figure S4.4). As shown in Figure 4.2d,

electric transport in this case is approximately two orders of magnitude less efficient
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than within the microchannels of ~ 4 pm?, indicating the advantageous effect of the

near single-crystalline channels present in the latter case (see below).
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Figure 4.2: Electrical transport measurements of SL microchannels. (a) Typical
I-V-curve of a PbS NCR SL within a microchannel showing Ohmic behavior (red). The
leak current through the dielectric substrate is negligible (grey). (b) Distribution of
the electric conductivities of 200 individual microchannels. (c¢) Conductivity of the
microchannels as a function of PbS NCR SL thickness. Error bars represent the standard
deviation of conductivity and the range of thickness determined by AFM, respectively.
(d) Distribution of geometry normalized conductance of conventional large area and
microchannels, probing effective areas of ~ 10* pm? (blue) and ~ 4 pm? (red), respectively.
Measured conductance values are normalized to the channel geometry (L/W). Dark blue
color corresponds to the overlap of the distributions.

4.3.3. X-ray nano-diffraction

Further investigations of structural properties of the same microchannels on Kapton
substrates using X-ray nano-diffraction in correlation with conductivity measurements
are the focus of this study (Figure 4.1e—f, Figure S4.5). We determined the structural

details of all microchannels by X-ray nano-diffraction (Experimental Section 4.4 and
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Figure 54.6-54.9). Using a nano-focused X-ray beam, we collected diffraction patterns
at different positions in each channel (Figure 4.1f). Two typical small- and wide-angle
(SAXS and WAXS, respectively) diffraction patterns from representative microchannels,
averaged over all positions within these channels, are shown in Figures 4.3a,g(b,h).
For some of the microchannels we observe several orders of Bragg peaks in SAXS
attributed to monocrystalline SLs (Figure 4.3a), whereas the rest of the channels demon-
strate continuous Debye-Scherrer rings with low intensity modulations corresponding
to polycrystalline SLs (Figure 4.3g). From the angular-averaged profiles, shown in
Figures 4.3c,i, we revealed two dominant SL structures: a monocrystalline, random
hexagonal close-packed (rhcp) lattice mainly oriented along the [0001]sy,, and a poly-
crystalline, body-centered cubic (bcc) lattice primarily oriented along the [110]gr, (SEM
micrographs given in Figure S4.13). From the peak positions in SAXS, we estimated
the unit cell parameters (ayne, and ape) for each channel and corresponding nearest-
neighbor distances (NND), that are dyy = aynep for rhep and dyy = (v/3/2) - Gpee for bec.
The averaged NNDs for all rhep and bee channels are 7.8 + 0.4 nm and 6.9 + 0.2 nm,
respectively. In WAXS (Figures 4.3b,h), we observe parts of three Debye-Scherrer rings
corresponding to {111} ar,, {200} a1, {220} A1, reflections of the PbS atomic lattice (AL).
From the single WAXS pattern analysis we found different degrees of angular disorder
of NCRs: roughly 24° for rhep and 16° for bee channels (Figure S54.9).

To study the relative orientation of the NCRs inside the SL, we applied AX-
CCA, ™ which is based on the analysis of the cross-correlation functions (CCFs),
to the measured scattering data (Figure S4.10-54.12). We evaluated the CCFs for
the SL and AL peaks for both rhep and bee structures. We found that in the rhep
monocrystalline channels (Figure 4.3d) the [111]sr, and [110]a5, directions of the NCRs
are collinear to the [0001]s;, and [2110]gy, directions, respectively (Figure 4.3f). In
bee polycerystalline channels (Figure 4.3j), all corresponding SL and AL directions are
aligned (e.g. (100)gr, and (100)ar,), as shown in Figure 4.31. The similarity between
the experimental CCFs and simulated CCFs for these structures confirms the obtained

angular orientation of the NCRs in the SL (Figure 4.3d,e and 4.3j k, respectively).
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Figure 4.3: Structural investigation of the SL structures. Exemplary SAXS (a,g) and
WAXS (b,f) patterns averaged over one microchannel for two typical cases: a monocrys-
talline rhep SL oriented along [0001]gr, (a,b) and a polycrystalline bee SL oriented along
[110)s., (g,h). (c,i) Azimuthally averaged intensity profiles of SAXS (¢ < 2.5 nm~!) and
WAXS (¢ > 15 nm™1!) signals of the two SL types. (d,j) Averaged CCFs for the two
SLs, calculated for the first SAXS peaks ((1100)gy, in the rhep case (d) and (110)gy, in
the bee case (j)) and the (111)41, or (200) a1, WAXS peaks. (e,k) Simulated CCFs for
the two models shown in (fl). (f,1) Schematic drawing of the proposed SL structures:
(f) [0001]gy,-oriented rhep SL of PbS NCRs, where the NCRs are aligned as indicated and
(1) [110]gg.-oriented bee SL of PbS NCRs, where all the corresponding SL and AL direc-
tions are aligned. For clarity, ligand spheres are omitted. Scale bars in (a,g) and (b,h)

correspond to 1 nm™! and 5 nm™!, respectively.
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4.3.4. Evaluation of structure-transport correlations

Upon correlating the X-ray with the electric transport measurements, we found that
microchannels containing the polycrystalline bee SLs exhibit higher conductivity than
monocrystalline rhep SLs over the entire range of thicknesses (Figure 4.4a). This can
in part be understood in terms of the shorter NND which exponentially increases the
hopping probability (Figure 4.4b).?>?¢l The microchannels exhibit strong characteristic
Raman signals for Cu4APc (750 cm ™! and 1,050-1,650 cm ™!, Figure 4.4c) which vanish
for probing areas outside the microchannels, verifying the specific functionalization
of the NCRs with the organic 7-system (Figure S4.14). We used the intensity of the
two characteristic Raman bands to compare the relative density of Cu4dAPc molecules
within different SLs. We found that polycrystalline bee SLs with the smaller NND
exhibit generally stronger Raman signals from Cu4APc than monocrystalline rhep SLs
with larger NND (Figure 4.4c, Figure S4.14). This means that in monocrystalline rhep
SLs fewer native OA molecules have been exchanged by Cu4APc, resulting in larger
interparticle distances, which adversely affects conductivity. From Figure 4.4b one
can identify several cases of monocrystalline rhep SLs having conductivities as high as
those of polycrystalline bee SLs (o0 ~ 10741072 S m™!), although the NND is much
larger. We consider this as supporting evidence that the degree of SL crystallinity
(poly vs. mono) has a significant effect on the conductivity, which, in the present
example, compensates the effect of the much larger interparticle distance. The SLs with
smaller interparticle distance exhibit stronger Raman signals from CudAPc compared
to larger SLs (Figure S4.14), corroborating a correlation between interparticle distance
and ligand exchange. In fact, the smallest lattice parameter of ~ 6.8 nm in Figure 4.4b
corresponds to an interparticle distance of ~ 1 nm, which is approximately the length
of one Cu4APc molecule or the minimal width of a fully exchanged ligand sphere. In
contrast, residual OA leads to greater interparticle distances due to steric interactions
of adjacent OA shells,[®!) explaining the spread of the NNDs (Figure 4.4b, Figure S4.8).
The occurrence of the two SL types (rhep and bee) found here may be related to the
previously observed hcp-bee transition for OA-capped PbS NCR, SLs upon tailored
solvent evaporation.*¥ Similarly, our polycrystalline bee SLs are assembled from PbS
NCRs dispersed in hexane, whereas hexane-octane mixtures resulted in monocrystalline
rhep SLs. This invokes different solvent evaporation rates, which may lead to distinct
SL unit cells. [#5:19%]

From the single WAXS pattern analysis (Figure S4.9) we found that NCRs are
aligned in the SL with different degrees of angular disorder: roughly 16° for bee channels
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and 24° for rhep channels. We believe that the NCRs are oriented in the SL due to
facet specific ligand-ligand interactions. The functionalization of NCRs with shorter
Cu4APc ligands leads to the formation of a SL. with higher symmetry, such as bcc, in
which the NCRs are highly aligned.!'*%l In contrast, a large spherical ligand shell leads

to a close-packed structure with a lower degree of NCRs orientation, such as rhep.
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Figure 4.4: Parameters for structure-transport correlations. (a,b) Conductivity of
individual microchannels as a function of SL thickness (a) and nearest-neighbor distance
NND (b). The SL type is indicated by the color code. (c,d) Typical Raman spectra
of a monocrystalline rhep (¢) and a polycrystalline bee (d) SL, featuring characteristic
Cu4APc signals at 750 cm~! and 1,050-1,650 cm ™! (highlighted regions). The signal at
~ 950 cm ™! originates from the Si/SiO, substrate.

In view of the non-monotonic correlation between conductivity and SL thickness, we
note that very thin NCR films exhibit holes/microcracks, which are reduced with
increasing thickness.?'¥ In contrast, the conductivity in thick films may be affected
by a fringing electric field. The electric field is not homogeneous along the sample
normal, and current flows mainly in the bottom layers close to the contacts. However,

the conductivity is calculated over the entire channel where the full height is used.

4.3.5. Anisotropic charge transport
We now turn to the key novelty of this work, the transport anisotropy, that is, the influ-

ence of the SL orientation with respect to the electric field on the electric conductivity.
For this, it is mandatory to account for the effect of SL thickness, incomplete ligand
exchange and crystallinity and only compare SLs which are very similar in this regard.
In doing so, we found strong evidence for a favored angular direction of charge carrier
hopping, indicating anisotropic charge transport within the SL. Figure 4.5a,d displays
exemplary SAXS patterns averaged over each microchannel of two monocrystalline rhep

SLs with identical structure, i.e. lattice parameter and thickness (Figure S4.15a). They
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differ only in terms of the azimuthal orientation with respect to the applied electric field.
We define the azimuthal angle a between the electric field vector £ (which is oriented
vertically due to horizontal electrode edges) and the nearest-neighbor direction dyy (one
of the (2110)gy, directions pointing to the nearest-neighbors). The angle v can vary from
0° to 30° for the sixfold in-plane symmetry. For a = 0°, the dny direction is oriented
parallel to the vector of electric field F, whereas for « = 30°, the angular (in-plane)
offset between the vectors F and dyy is maximized. Our key result is that for any
two otherwise comparable channels, we observe higher conductivity for the respective
channels with lower angle a. The two extremes (« = 0° and o = 30°) are shown in the
corresponding real space SEM micrographs of the (0001)g;, plane of two rhep SLs in
Figure 4.5b.e. The difference in conductivity between two otherwise identical SLs is
40-50%. A statistical investigation of other microchannels with monocrystalline rhep
SLs reveals similar a-dependent conductivity differences (Figure S4.15). This correla-
tion between ¢ and « indicates anisotropic charge transport, for which the direction of
nearest neighbors is assumed to be the most efficient for transport.

In contrast to atomic crystals with transport anisotropy, which exhibit strong
electronic coupling and ballistic transport (e.g. black phosphorus), the NCR SLs studied
here are in the weak coupling regime. This implies temperature-activated hopping as
the predominant charge transport mechanism and invokes a strong dependence on the
hopping distance.?>?® Our results suggest that charge transport is most efficient if
the applied electric field is iso-oriented with the nearest-neighbor direction dyy in the
SL plane, since this leads to the shortest hopping distance (Figure 4.5¢). Any other
orientation (Figure 4.5f) results either in a larger hopping distance (straight arrow) or
a deviation from the direction of the electric field together with an increased number
of required jumps for electrons to travel the same distance (zig-zag path), which is
detrimental to charge transport. This implies that transport anisotropy should be
a general feature of weakly coupled, monocrystalline NCR SLs, originating from the
dominant effect of the shortest interparticle distance. Accordingly, one could predict
the favored direction of charge transport within different SL types, such as simple
cubic, fcc or bee, being the (100), (110) or (111) SL directions, respectively. A similar
charge transport anisotropy was computationally predicted for bee and fee SLs. 49
Further, we note that the orientational order of the NCRs observed here might be an
additional source for anisotropic charge transport as different coupling strengths have
been predicted along particular AL directions.*%*®! In the present case, the most efficient

transport occurs if the [110]4y, direction of all NCRs is iso-oriented with the electric field.
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Figure 4.5: Anisotropic charge transport in monocrystalline NCR SLs. (a,d) Exemplary
averaged SAXS diffraction patterns of comparable monocrystalline rhep microchannels,
oriented along [0001]gr,. The azimuthal orientation is defined by the relative angle o
between the electric field vector E and the nearest-neighbor direction dyy. SLs with
low values of « feature 40-50% higher conductivities than their counterparts with large
a. Scale bar: 1 nm~! . (b,e) Corresponding real-space SEM micrographs of the SL
oriented along (0001)gr, with a = 0° and 30°. The hexagon indicates the orientation of
the SL. dnn points along the alignment of the NCRs (nearest neighbors). For av = 0°, the
vector dyy is parallel to E, resulting in enhanced conductivity. Scale bar: 15 nm. (c,f)
Schematic of the rhep SL and the favored hopping path for a = 0° (blue arrow) along
the dyn direction (red arrow) (c). For an in-plane offset (aw = 30°), the larger hopping
distance or the zig-zag path are detrimental to charge transport (f). Ligand spheres of
NCRs are omitted for clarity.

A high degree of control provided over the SL type and orientation would enable the
exploitation of such transport anisotropy also with more complex NCR assemblies (e.g.
binary NCR SLs!"*" or honeycomb structures'%%l) for application in functional electronic
devices with tailored transport anisotropy. Furthermore, these results constitute an
important step towards the understanding of the intrinsic properties and fundamental

limits of these fascinating new NCR-based systems.
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4.4. Experimental section

4.4.1. Superlattice microchannel fabrication

Oleic acid-stabilized PbS NCRs were synthesized according to Weidman et al.[*®l and
dispersed in hexane/octane (ratio of 4:1 and 1:0, ¢ = 4 pmol 17!). Sizing-curves to
UV-Vis absorption spectra and SEM investigation yield a particle size of 5.8 + 0.5 nm
(Figure S4.1).[7 The NCRs were self-assembled at the liquid-air interface according
to Dong et al.['" and ligand exchanged with the organic m-system Cu-4,4’,4”.4""-
tetraaminophthalocyanine. For pCP, a micropatterned PDMS stamp was inked with the
SL film and stamped onto devices with prepatterned Au electrodes (Kapton membranes
of 125 pm thickness or Si/SiO, wafers with 200 nm SiO, ). Individual microchannels
consisting of an electrode pair and a connecting SL stripe were obtained with L ~ 1 pm

and W ~ 4 nm. The preparation was performed in a nitrogen glovebox.

4.4.2. Transport measurements

All devices were measured at room temperature in a nitrogen flushed probe station
(Lake Shore, CRX-6.5K). Individual electrode pairs were contacted and analysed by a
source-meter-unit (Keithley, 2636B).

4.4.3. X-ray nano-diffraction

Nano-diffraction measurements were performed at Coherence beamline P10 of the
PETRA III synchrotron source at DESY. An X-ray beam with X\ = 0.898 A
(E =13.8 keV) was focused down to a spot size of ~ 400 x 400 nm? (FWHM) at
the GINIX nano-diffraction endstation.?%] The two-dimensional detector EIGER X4M
(Dectris) with 2070 x 2167 pixels and a pixel size of 75 x 75 pm? was positioned
370 mm downstream from the sample and ~ 9 c¢m off-centre to allow simultaneous
detection of SAXS and WAXS signals. Diffraction mapping of individual microchannels
was performed, collecting 100-200 diffraction patterns on a raster grid in z and y
direction with 250 nm step size and an acquisition of 0.5 s. From averaged diffrac-
tion patterns for every channel, the SL structure was deduced and from azimuthally-
averaged radial profiles the SAXS peak positions were extracted. AXCCA was applied

and two-point cross-correlation functions (CCFs) for all channels were calculated,
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according to Equation (4.1):

Cocr(qar,gst,A) = (I(qar, ©), I(gsL, ¢ + A)), 7 (4.1)

where I(q,p) = I(q,9) — (I(¢,¢)), and I(q,p) is an intensity value taken at the point
(q,¢) which are polar coordinates in the detector plane. %3727 () denotes averaging

over all azimuthal ¢ angles. gsp, correspond to SAXS peaks and gar, to WAXS peaks.

4.4.4. Microchannel characterization
SEM imaging was conducted with a HITACHI model SU8030 at 30 kV and AFM investi-
gations with a Bruker MultiMode 8 HR in contact mode and Raman spectroscopy with

a confocal Raman spectrometer LabRAM HR800 (Horiba Jobin-Yvon) at A = 632.8 nm
(He-Ne-laser).

Details on materials, the self-assembly and fabrication processes, X-ray nano-diffraction

and AXCCA are given in the Supporting information Section 4.5.
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4.5. Supplementary information

4.5.1. Experimental details

Materials

The following chemicals and materials were used as received. Negative tone resist
(ma-N 405), developer (ma-D 331/S) and remover (mr-Rem 660) were purchased from
micro resist technology GmbH, polydimethylsiloxane (PDMS) Sylgard 184 prepolymer
and cross-linker from Dow Corning GmbH and tridecafluoro-(1,1,2,2)-tetrahydrooctyl-
trichlorosilane (F13TCS) from Sigma Aldrich. Kapton® polyimide membranes (125 pm
thickness) were purchased from DuPont. Si/SiO, wafers (200 nm SiO, thickness) were
purchased from Siegert Wafer GmbH. Oleic acid stabilized PbS NCRs were synthesized
according to Weidman et al.*®) and Cu-4,4’,4” 4’"-tetraaminophthalocyanine (Cu4APc)
according to Jung et al.?*’! Acetone (99.8%, extra dry), acetonitrile (99.9+%, extra
dry), dimethyl sulfoxide (99.7+%, extra dry), n-hexane (96+%, extra dry) and n-octane

(99%, extra dry) were purchased from Acros Organics.

Characterization of PbS NCRs

Figure 54.1 displays the size investigation of oleic acid-stabilized PbS NCRs, synthesized
according to Weidman et al.[®) Applying sizing curves to UV-Vis absorption spectra
(in tetrachlorethylene) and SEM investigation yield a particle diameter of 5.8 + 0.5 nm
(size distribution of 8%).[
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Figure S4.1: PbS NCR size analysis. (a) Absorption spectrum of native oleic acid-
stabilized PbS NCRs in tetrachlorethylene. The first excitonic transition is observed at
787 meV (1580 nm). (a) Distribution of the diameter of 250 PbS NCRs, measured by
SEM. Gaussian fit reveals a diameter of 5.80 + 0.5 nm (size distribution of 8%).
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Layout of microchannel devices

We developed microchannel devices, where individual electrode pairs with an overlap of
80 pm form channels, which can be addressed individually. Up to 330 channels per device
could be realised. By means of nCP, 23729 we transfer periodic stripes of self-assembled
SLs with widths of 4 pm and a periodicity of 80 pm using prepatterned PDMS stamps.
Thus, most of the substrate area remains uncoated. The microchannels are formed by
pairs of overlapping electrodes, which are connected by one perpendicularly printed
stripe of PbS NCR SL. The electrode thickness was chosen to be ~ 10 nm in order
to avoid breaking of PbS NCR stripes at the edges. Due to the channel geometry, an
entirely homogeneous electric field is established within the channel and the direction

of the electric field vector is well-known.

Device fabrication

For the microchannel device fabrication, we used photolithography techniques to pattern
Au microelectrodes on Kapton membranes (125 pm thickness) or Si/SiO, wafers (200 nm
Si0, ). After exposure and development of the negative tone resist, 2.5 nm Ti as an
adhesion layer and 8 nm Au were thermally evaporated under high vacuum conditions.
Ultrasonic-assisted lift-off was performed to remove the resist and the metal layer on
top, revealing electrodes with gaps of 0.7 to 1.7 pm (referred to as channel length
L). Stamp masters based on silicon were fabricated by means of photolithography
and pattern transfer via reactive ion etching. Defined trenches of 4 pm width and a

284 Stamp

periodicity of 80 pm were fabricated via anisotropic KOH etching of silicon.
masters were functionalized with Fi3TCS as an anti-sticking layer. Degassed PDMS
(10:1 ratio prepolymer and cross-linker) was poured onto the masters and cured at
150 °C overnight. Stamps were released from the master, cleaned by sonication in

isopropanol and dried under pressurized nitrogen flow.

Self-assembly and ligand exchange of PbS NCR films

PbS NCRs were self-assembled via the liquid-air interface method developed by
Dong et al.[''5119 and modified as previously reported. 5960125124 Figure S4.2a¢ dis-
plays a schematic of the fabrication process. A certain volume (70-100 ul) of a PbS
NCR dispersion was injected on top of an acetonitrile subphase in a home-built Teflon
chamber with an area of 1 x 1 cm?. The injection speed was controlled by a syringe
pump. The evaporation rate of the dispersion solvent can be controlled by an adjustable
lid /sealing. As the dispersion solvent evaporated, the NCRs formed a freely floating

membrane. The CudAPc ligand solution (dissolved in dimethyl sulfoxide) was injected
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at the bottom of the liquid subphase. Cu4APc ligands diffuse through the liquid
subphase to the NCR membrane and replace the insulating native oleic acid ligands over
a duration of 4 h. The thickness of the floating film can be controlled to a certain degree
(e.g. monolayer vs. thick film) by changing the NCR dispersion volume, concentration

and injection speed.

Microcontact printing of PbS NCR stripes

Figure S4.2d—g schematically illustrates the process. A micropatterned PDMS stamp
was parallelly brought into contact with the free floating PbS NCR membrane for 5 s.
Excess liquid was removed from the stamp with a tissue. The coated stamp was slightly
pressed onto the substrate with prepatterned Au-electrodes for 30 s. One half of the
coated stamp was pressed onto a Kapton device, the other half onto a Si/SiO, device.

Afterwards, the stamp was removed in a tilted manner.
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Figure S4.2: Schematic drawing of the fabrication process of PbS NCR SLs and
nCP to form microchannels. (a) A home-built Teflon chamber is filled with acetoni-
trile (ACN) as a subphase and covered with a lid. (b) A PbS NCR dispersion is
injected on top of the subphase. As the dispersion solvent evaporates, the NCRs form
a freely floating membrane. (c) The ligand solution (Cu4APc in dimethyl sulfoxide)
is injected into the bottom of the liquid subphase. Cu4APc ligands diffuse through
the liquid subphase and replace the insulating native oleic acid ligands over a dura-
tion of 4 h. (d) A micropatterned PDMS stamp is parallelly brought into contact
with the free floating PbS NCR membrane. (e) The coated stamp is slightly pressed
onto a Kapton or Si/SiO, devices with prepatterned Au-electrodes (nCP). This results
in stripes of self-assembled PbS NCR SLs on electrode structures, as shown in (f).
(g) This electrode-structure contains 11 individual channels with length L and width W
of about 1 pm and 4 pm, respectively. Up to 30 electrode-structures are present on one
device (330 individual microchannels).
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Vacuum-dried stamped substrates were placed on a spin coater and covered with acetone
to remove unbound ligands. After 30 s, the solvent meniscus was removed by spinning
at 1,200 rpm for 30 s. This process was repeated twice. All preparation steps were
performed in a nitrogen glovebox (level of O, < 0.5 ppm and H,O = 0 ppm). Finally,
the coated substrates were brought to ambient atmosphere for a defined time of 60 min

to be transferred into the nitrogen flushed probe station.

Electrical measurements

All measurements of Si/SiO, and Kapton devices were performed at room temperature
in a nitrogen flushed probe station (Lake Shore, CRX-6.5K). Individual Au-electrode
pairs with a connected PbS NCR stripe were contacted with W-tips, connected to
a source-meter-unit (Keithley, 2636B). A third electrode contacts the gate electrode
(Si/SiO, device) or the rear of the dielectric (Kapton device). For two-point conductivity
measurements of individual microchannels, several voltage sweeps of +1 V and +200 mV
were applied and the current detected (between two electrodes as well as leakage).
For field-effect transistor (FET) measurements on Si/SiO,, a source-drain voltage of
|Vsp| = 5 V was applied and the current flow along the channel was modulated by
applying a voltage sweep on the gate electrode (40 V < Vo <40 V). Using the gradual
channel approximation given in Equation (S4.1), the field-effect mobility p of individual

microchannels was calculated.

X-ray nano-diffraction details

X-ray nano-diffraction was performed at Coherence beamline P10 of the PETRA III
synchrotron source at DESY with the GINIX nano-diffraction endstation (A = 0.898 A,
E = 13.8 keV, spot size (FWHM) ~ 400 x 400 nm?, focus depth ~0.5 mm).?%] The
two-dimensional EIGER X4M (Dectris) detector (2070 x 2167 pixels, pixel size of
75 x 75 pm?) was positioned 370 mm downstream from the sample and aligned off-
centre (~ 9 cm) to allow simultaneous detection of small-angle (SAXS) and wide-angle
(WAXS) X-ray scattering.

With an optical microscope, the most promising channels (based on electric trans-
port measurements) were roughly localized. Precise localization of the individual chan-
nels was done using the WAXS scattering intensity of the Au {111} (¢}% = 26.8 nm™!),
as well as the PbS {111} and {200} reflections (¢i}® = 18.3 nm~!, ¢52% = 21.8 nm™1).
We then performed diffraction mapping of the entire coated area in each channel. Within
this scanning region, diffraction patterns were collected on a raster grid with about

250 nm step size in both directions perpendicular to the incident beam. A sketch of
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the experimental scheme is shown in Figure 4.1f. The acquisition time was chosen to
be 0.5 s in order to sustain a non-destructive regime of measurements. The chosen
geometry allowed detecting the scattering signal from the NCR SL as well as from the
PbS AL simultaneously, but only a part of reciprocal space in WAXS was accessible.

Using the nano-focused beam, it was possible to collect 100 to 200 diffraction
patterns for each channel at different points within the channel. Integrating the WAXS
intensity, we built diffraction maps of the microchannels (Figure S4.6b). A gap between
two gold electrodes and the PbS NCR SL across the microchannel are well observed.
Noteworthily, the intensity modulation coincides with the AFM map of the same
microchannel, shown in Figure 4.1d.

Averaging all individual diffraction patterns collected for a channel, we were able
to study the average structure of the channel. From the azimuthally-averaged radial
profiles we extracted the peak positions in SAXS and used them to calculate the SL

unit cell parameter a. This analysis was performed for all measured channels.

Angular X-ray Cross-Correlation Analysis details

To study the relative orientation of the NCRs inside the SL, we applied an angular
X-ray cross-correlation analysis (AXCCA) approach. %3727l Details are given below.
We calculated two-point cross-correlation functions (CCFEs) for the first SAXS peaks
((1100)gy, in the rhep case (Figure 4.3d) and (110)g, in the bee case (Figure 4.3j))
and the (111)ar, or (200)ar, WAXS peaks. From the peak positions at the CCFs
we derived preferred angles between the corresponding SL and AL crystallographic
directions. We proposed structural models satisfying the obtained angles. Based on the
models, we simulated CCFs for each case (Figure 4.3e,k). Good agreement between the
experimental and simulated CCFs verifies the proposed models. The basic principle is

further explained below.

Additional characterization methods

Helium ion microscopy (HIM) imaging of Kapton devices was performed with a Zeiss
ORION Nanofab at 30 kV. Using a flood gun, charge neutralisation on the sample can
be achieved, to investigate insulating Kapton devices. For HIM as well as SEM sideview

investigation of PbS NCR stripes, devices were analysed under a tilt angle of 85°.
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4.5.2. Supplementary results

Field-effect transistor measurements on microchannels

We conducted field-effect transistor (FET) measurements on microchannels.
Figure S4.3a shows a typical transconductance curve, indicating p-type behavior.
Using the gradual channel approximation given in Equation (S4.1),1?”) FET hole mo-
bilities can be calculated, as indicated in Figure S4.3b. The p-type behavior and

hole-mobilities are in line with previous studies. ['2?]
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FET measurements, this approach is sufficient for a qualitative comparison of different
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Figure S4.3: FET measurements on microchannels. (a) Transconductance curve of a
PbS NCR stripe on a Si/SiO, device. The source-drain current Isp can be modulated
by the applied gate voltage Viz. The source drain voltage is set to Vsgp = 5 V. The
leak current Ig through the dielectric substrate is negligible. The channels show p-type
behavior and the hole mobility can be calculated. (b) Distribution of field-effect hole
mobilities y(h™) of individual microchannels. A log-normal distribution and a spread
over 2 orders of magnitude is observed.
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Comparison of microchannels and state-of-the-art channels

In conventional state-of-the-art electrode devices, interdigitated electrodes probe areas
of approximately 1-20 x 10* pm? (L ranging from 2.5 pm to 20 pm and W < 1 cm).
Typically, different domains are connected by the electrodes after coating (ranging from
monolayer to several hundred nm), as exemplarily shown in Figure S4.4a. We normal-
ized the conductance of 21 conventional channels and 54 microchannels (Figure S4.4b)
of different thicknesses to the geometry (Ggeom = G - [L/W]). For huge conventional
electrode devices, the conductivity cannot be calculated due to nonuniform thicknesses.
The distributions (Figure S4.4¢) can clearly be separated and the normalized conduc-
tance values of microchannels exceed those of conventional electrode devices.

- - .
[ microchannels
area ~ 4 ym?
[ [ conventional
area ~ 10* pm?

20

N
&

Number of channels
@ >
:

10" 0™ 10" 102 10" 100
Ggeom (S)

Figure S4.4: Comparison of conventional and microchannels. (a) Optical micro-
graph of a typical conventional state-of-the-art device of interdigitated electrodes with
L =25—20 pm and W < lem. Active areas of 1 — 20 x 10* pm? are probed. (b) SEM
micrograph of a typical microchannel with L ~ 1 — 1.5 pm and W = 4 pm. Active areas
of only few pm? are probed. (c) Distribution of geometry-normalized conductance of
conventional and microchannels (blue and red, respectively). Here, measured conductance
values are normalized to the geometry of the channels (L/W).

Microchannels on X-ray transparent Kapton device

A typical Kapton device with 330 microchannels is shown in Figure S4.5. Kapton foil
(polyimide, DuPont™) with a thickness of 125 pm was used as an X-ray transparent
substrate. At this thickness, the Kapton foil is durable enough to warrant robust electric
contacting and sufficiently X-ray transparent to enable scattering experiments. Further,
it is robust enough for the photolithographic electrode fabrication process and allows
fabrication of large-scaled devices (15 x 15 mm?). This allows performing X-ray diffrac-
tion on the entire substrate. The conductance of microchannels on Kapton devices can
be determined and different channels exhibit different conductance with a large spread,
as indicated in Figure S4.5f. We verified that the electronic transport measurements

are not significantly influenced by the substrate (Si/SiO, or Kapton) itself.
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Figure S4.5: Microchannels on X-ray transparent devices. (a) Photograph of a Kapton
device with 30 electrode structures. (b) Optical micrograph of a typical electrode set with
PbS NCR stripes across. (c,d) Optical micrographs of eleven individual microchannels
each, which can be individually addressed and show different conductance values (indicated
by values in red, G in pS). (e) Helium-ion microscopy micrograph showing side view of
a typical microchannel (tilt angle of 85°). (f) Distribution of conductance values of n
microchannels on Kapton and Si/SiO, devices.
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X-ray nano-diffraction signal detection and sample requirements
We note that acceptable signal-to-noise ratios during X-ray scattering were obtained
only for thicker samples (> 100 nm). Figure S4.6a displays the SL thickness required
to obtain the XRD-signals. Structural properties can only be investigated of SLs with
a minimum thickness of 100-200 nm. For microchannels with stripes of the required
thickness, diffraction peaks in the SAXS region can clearly be identified. Hence, the
PbS NCRs within the stripes are highly ordered.

Mapping areas of interest using the WAXS scattering intensity (the {111} Au
(g% =268 nm~!), {111} and {200} PbS reflections (¢IS° =18.3 nm!,
ey = 21.8 nm™1)) allows to precisely localize the individual channels and the PbS
NCR SL within the latter. Figure S4.6b shows a typical diffraction map of a PbS NCR
SL in a microchannel. Every pixel corresponds to a single diffraction pattern. The
horizontal electrode gap and the PbS NCR SLs across can clearly be identified. The
intensity modulation coincides with the AFM map of the same microchannel, shown in

Figure 4.1d.
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Figure S4.6: X-ray nano-diffraction signal detection. (a) Thickness of microchannel
SL and corresponding XRD-signal. The mean thickness (+ standard deviation) of SLs
with and without XRD-signal is 140 4+ 82 nm and 545 + 432 nm, respectively. (b) Typical
intensity map of a PbS NCR SL in a microchannel with pixel sizes of 250 x 250 nm?.
Every pixel corresponds to a single diffraction pattern. Averaging all diffraction patterns
of a single microchannel allows to fully characterize the SL within. The color code
indicates the XRD signal intensity. The diffraction map coincides with the AFM map of
the same microchannel (Figure 4.1d).

SAXS analysis for superlattice structure determination

Analyzing averaged diffraction patterns for all measured channels, we found two groups
among them. The first group of channels showed monocrystalline SAXS diffraction
patterns (an example is shown in Figure S4.7a) and the second one showed Debye-
Scherrer rings with relatively low angular intensity modulation in SAXS (Figure S4.7d).
The monocrystalline patterns are of 6-fold symmetry and contain the Bragg peaks at
q1, @2 = V3 - q1 and g3 = 2 - ¢ (see Figure S4.7c for the radial profile), which can be
attributed to a [0001]gy-oriented random hexagonal close-packed structure (rhep) SL (see
details below). The presence of the Bragg peaks at qi, g2 = V2 - ¢ and g3 = /3 - q; for
the polycrystalline channels (see Figure S4.7f for the radial profile) is a clear evidence of
a bee SL structure. A single diffraction pattern for the polycrystalline channels contains
the Bragg peaks from several grains with different orientations (see Figure S4.7¢), thus
the grain size is smaller than the beam size (< 400 x 400 nm?).

The obtained g-values were utilized to calculate the nearest-neighbor (center-to-
center) distance between adjacent NCRs in channels with both types of lattices. The
distances are 6.9 & 0.2 nm and 7.8 £ 0.4 nm for the poly- and monocrystalline channels,
respectively (by fitting with normal distribution, see Figure S4.8). We use nearest-
neighbor distances instead of unit-cell sizes in order to allow for a direct comparison
between different SL types. The interparticle distances are calculated by subtracting
the mean NCR diameter from the nearest-neighbor distance (NND).
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Figure S4.7: Superlattice structure determination for (a—c¢) mono- and (d—f) polycrys-
talline channels. (a,d) Averaged SAXS patterns; (b,e) examples of single SAXS patterns;

(c,f) average radial profiles. Scale bars correspond to 1 nm™".
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Figure S4.8: Distribution of NND values for two types of channels. Solid lines are fits

by normal distribution.
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Superlattice structure of the monocrystalline channels

The outline of our experiment (transmission geometry in one direction normal to the
substrate) makes analysis of the monocrystalline samples quite complicated. The 6-fold
patterns observed for the monocrystalline channels (Figure S4.9a) can be attributed
to the hexagonal hcp lattice as well as to cubic bee and fece lattices. Indeed, the peak
positions with respect to the first peak at ¢1, g2 = v/3 - ¢1 and g3 = 2 - ¢; correspond to
all of them. NNDs are d... = 27/q; - (2/v/3), 27/q - 2 and 27/q; - (v/6/2) for the hep,
fce and bcece lattices, respectively. Using the mean ¢; value, one can obtain the NNDs of
7.8 nm, 13.5 nm and 8.3 nm. In comparison to the size of the used NCRs (~ 6.0 nm),
the value obtained for the fcc seems to be unreasonable and we excluded this structure
from our consideration.

The decision between hep and bee cannot be made based only on the diffraction
patterns. First of all, we assumed the SL to have the same structure as the polycrystalline
channels — a bee SL with the NCRs aligned with all SL directions. But in this case, the
results of the cross-correlation analysis (see below, Figure S4.11c¢) are not consistent
with the experimentally observed data. The NCRs can be rotated inside the SL around
the beam direction by 30°, but it would break the symmetry of the lattice. A possible
arrangement of NCRs in a hcp lattice is shown in Figure S4.11d and gives a cross-
correlation function consistent with the experimental one (Figure S4.11c). This lattice
has a higher symmetry than the proposed bcc lattice with rotated NCRs. Also, the
comparably big NND supposes a more sphere-like shape of the NCRs covered with
organic shell. A thicker shell makes interactions between adjacent NCRs more isotropic.
It is confirmed by the study of WAXS reflections from the NCR ALs, that the angular
disorder of NCRs is higher for the monocrystalline channels than for the polycrystalline
ones (see details below). On an average WAXS pattern of a monocrystalline channel
typically only Debye-Scherrer rings are visible (Figure S4.9a). In this case, sphere-like
particles with anisotropic interactions are likely to form close-packed structures like
hep. Thus, we assume the monocrystalline channels having a hep structure. However,
the close-packed structures are prone to form stacking faults leading to alternation
of hep and fee structures. In our geometry (scattering along [0001]g, direction), we
are not able to reveal fractions of both motifs. Thus, the correct description for the
structure would be “random hcp (rhep) lattice”. We used this description throughout
the manuscript, using the hep-like indexing of the Bragg peaks (Figure S4.7a,b).
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WAXS analysis for NCR alignment determination

Analyzing the WAXS patterns from different types of channels, we noticed a drastic
difference. The single patterns of the monocrystalline rhep channels contain continuous
Debye-Scherrer rings with low intensity modulations (Figure S4.9a), whereas for poly-
crystalline bee channels, we found relatively sharp Bragg peaks of PbS atomic lattice
(AL) reflections (Figure S4.9d). The difference in the intensities between the 11141, and
20047, reflections is caused by different out-of-plane NCRs orientations with respect to
the incident beam (the substrate).
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Figure S4.9: WAXS study of mono- (a—c) and polycrystalline (d-f) channels: (a,d)
examples of a single WAXS diffraction pattern; (b,e) azimuthal and (c,f) radial profiles
of the 1111, and 200471, reflections. A Voigt fit of the 11141, Bragg peaks is shown in
blue. The 0° angle for the azimuthal profiles corresponds to the top of the diffraction

patterns. The positive angular direction is counterclockwise. Scale bars in (a,d) correspond

to 5 nm~ L.

To quantitatively characterize angular disorder, we assumed that WAXS peak broadening
is caused by two factors: Scherrer broadening due to the small size of the NCRs and
orientational disorder of the NCRs in sites of the SL. The first factor affects both the
radial and the azimuthal width of the peaks while the second one influences only the
azimuthal width of the peaks. Assuming that these two factors are independent, we

can estimate the value of the orientational disorder A® from the relationship between
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the radial and azimuthal widths of the peak:

6, =024+ AP* | (S4.2)
where 0,, and d,.q are the FWHM values of the peak angular size in the azimuthal and
radial directions obtained from a Gaussian and Voigt fitting, respectively.

We analyzed the radial and azimuthal profiles for 111,45, and 20047, reflections
on a single pattern. Azimuthal profiles are shown in Figure S4.9b,e for mono- and
polycrystalline channels, respectively. Azimuthal profiles for a monocrystalline channel
contain relatively wide Bragg peaks of 11147, reflections, and no peaks of 20041, reflections
are observed. Both profiles have anisotropic offsets corresponding to many disordered
NCRs besides the ordered ones. The 11141, Bragg peak was fitted by a Gaussian profile
giving the FWHM value of 24.5 + 1.0°. Azimuthal profiles for a polycrystalline channel
contain sharp Bragg peaks for both, 1111, and 2004y, reflections. Fitting the 1114y,
Bragg peak gives the FWHM value of 16.7 4 0.5°.

Radial profiles of the 11151, and 200,;, reflections are shown in Figure S4.9¢,f
for mono- and polycrystalline channels, respectively. Fitting of the 111y, reflection
by a Voigt profile gives the FWHM value of 1 nm™! (3.1°) for both types of channels.
According to the Scherrer equation, this value corresponds to the 6.9 nm-sized coherently
scattering domains. Taken the precision of the method, it is in good agreement with
the NCR size (~ 5.8 nm) and SL unit cell parameters studied in this work.

Considering the obtained values, the orientational disorder (A®) of the atomic
lattices of NCRs is roughly 24° for monocrystalline and 16° for polycrystalline channels.
The value for polycrystalline channels is similar to the recently reported A® for SLs of
oleic acid- and tetrathiafulvalene-linked PbS NCRs. [26:271]

Basics of angular X-ray cross-correlation analysis
The angular X-ray cross-correlation analysis (AXCCA) method is widely used for the
analysis of disordered or partially ordered systems such as colloids, liquid crystals,
polymers, etc. It is capable of providing insights into hidden symmetries, such as bond-
orientational order or partial alignment of particles in the system. This method was
also shown to be highly useful to study the angular correlations in mesocrystals. [*6:%7]
While details and mathematical background on this method can be found elsewhere,*7%
here we briefly summarize the main concepts.

AXCCA is based on the analysis of a two-point angular cross-correlation function

(CCF) that can be calculated for each diffraction pattern, as given in Equation (S4.3)
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(and Equation (4.1) in the main text):

T

Cocr(garn,gsL,A) = /]N(QALaSO)f(QSLaSD + A)dyp (54.3)

—T

where I(q,¢) = I(q,¢) — (I(q,%)), and I(q,p) is an intensity value taken in the point
with (g,¢) polar coordinates in the detector plane and (...),, denotes averaging over all

azimuthal ¢ angles. All values used in this definition are shown in Figure S4.10.

Figure S4.10: Angular X-ray cross-correlation analysis. White arrows point to the
Bragg reflections from the PbS AL and SL with momentum transfer values from the
center of the pattern gay, and gg,, respectively. The angle A between these Bragg peaks
is shown. SAXS area is enlarged for better visibility.

Experimentally obtained diffraction patterns contain features that block the scattering
signal, such as detector gaps, beamstop, beamstop holder, etc. In order to take their

presence into account, we introduce into Equation (S4.3) the mask function

0, gaps, beamstop etc.
Wi(g,p) = - (54.4)
1, otherwise
This yields the final form of the CCF as follows:
Cocr(qaL,gsL,D) = / i(QAL,SO)W(QAL,%O)j(QSL#P + A)W (gsL,p + A)dy . (54.5)
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Taking the values of ggr, and ga1, indicated in the main text, we studied the correlations
between reflections in the WAXS and SAXS areas. To obtain statistically meaningful
data, CCFs were averaged over all diffraction patterns for each channel.

The CCF functions were simulated on the basis of the determined real-space
structures. The Bragg peaks in both WAXS and SAXS areas were assumed to have
Gaussian shapes in the angular direction, and the intensity on the corresponding ring

was calculated as follows:

Zexpl G 5%) ]exp l—(e_;f’g)j : (S4.6)

where ¢; is the azimuthal angular position of the i-th Bragg peaks in the SAXS/WAXS
area, # and fg are the angle between the detector plane and Ewald sphere and the
Bragg angle for the considered reflection (used only for WAXS reflections). The angular
sizes of the SAXS/WAXS peak § were chosen to fit the experimental data.

The simulated CCFs were evaluated as
Cecr sim(QAL,GsL,A) = /fSAxs(QAL,SO)fWAxs(QSL,SO + A)dyp (S4.7)

and then normalized by the maximum value of all CCFs for each channel.

Results of angular X-ray cross-correlation analysis

We calculated the CCFs for the first SAXS peaks ((1100)4r, in the rhep case) and
the 11141, or 2005, WAXS peaks to reveal preferred angles between corresponding
directions of the NCRs and SL. Examples of the obtained CCFs for a monocrystalline
rhep channel are shown in Figure S4.11c.

For the monocrystalline channels, there are 6 peaks at 0°, £60°, £120° and 180°
for both Cecr(q3yy,.a111,A) and Cecr(¢51y,.4500-A)- The intensity ratio between them
is ~ 8. These features correspond to the [0001] orientation of a rhcp SL, where the
NCRs are aligned as follows: [111]a1,]|[0001]gy, and [110]ar||[2110]sr.. This configuration
is shown in Figure 4.3h and confirmed by simulations (Figure S4.11f). It should be
noted, that, as it follows from the WAXS analysis (see Figure S4.9), only a part of the
NCRs is aligned as shown.

However, a bee SL oriented along [111]g;, would give the same SAXS pattern. To

verify the proposed rhep structure, we simulated a CCFs for the bee structure observed
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in polycrystalline channels. In such a bee SL, all NCRs directions are aligned with
the corresponding directions of the SL. Thus, the orientation along [111]s, gives the
same NCRs orientation — [111]a,. A real-space model of the considered SL is shown
in Figure S4.11g. But the CCFs simulated for this structure do not correspond to
the experimentally obtained ones (Figure S4.11i). To achieve the observed angular
correlation between the SL and the NCRs, the latter should be rotated by 30° around
the [111]ay, directions. The resulting structure is shown in Figure S4.11j. Indeed, such
a structure gives the correct CCFs (shown in Figure S4.111), but the assumed rotation
breaks the symmetry of the entire structure and implies different NCR orientations in
the equivalent {111}y, planes.

Thus, we suppose that the monocrystalline channels form a symmetrical rhep
structure, where, for some fraction of the NCRs, the [111]ar|[[0001]s; and

[110]a1||[2110]sy, directions are collinear.

The CCFs for polycrystalline channels were calculated for the first SAXS peaks ((110)gr,
in the bee case) and the 11141, or 20054;, WAXS peaks. Examples of the obtained CCFs
for a polycrystalline bee channel are shown in Figure S4.12c. There are 4 peaks at +35°,
+145° for Cocr (gl ,A) and two peaks at £90° for Cocr(qih,q,A). These features
correspond to the [110]gy, orientation of a bee SL, where all crystallographic directions
of the NCRs are aligned with corresponding directions of the SL. This configuration is
shown in Figure S4.12d and confirmed by simulations (see Figure S4.12f).

In the polycrystalline channels many different orientations are possible, but,
according to our analysis, the [110]g, orientation is the primary one. To verify the
latter, we simulated CCFs for other typical orientations. Examples for the same
structures oriented along [111]gy, (Figure S4.12g) and [100]sy, (Figure S4.12j) are shown in
Figures S4.12i,1, respectively. However, the features characteristic for these orientations
are not observed in the experimental CCFs. Only a small fraction of the [111]gp-
oriented structures can contribute to the additional small peaks observed at £90° for
the experimental Cocr(qily,q115,A) (see Figure S4.12¢). Other features can originate
from the polycrystallinity (correlations between reflections from different grains are not
compensated due to the lack of statics).

Thus, we assume the polycrystalline channels to have bee SL structure, where

all NCRs are aligned with the corresponding SL directions (e.g. [100]ar||[100]sr, and
[010]AL[[[010]s)-
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Figure S4.11: AXCCA of the monocrystalline rhep SL. (a) An average SAXS pat-
tern for the monocrystalline channel. The 1100g;, reflections used for AXCCA are
shown with a red dashed line. The scale bar corresponds to 1 nm~!. (b) An average
WAXS pattern for a monocrystalline channel. The 11141, and 20047, reflections used
for AXCCA are shown with red dashed lines. The scale bar corresponds to 5 nm™".
(c) Calculated CCFs for the monocrystalline channel. (d) Proposed real-space rhep SL
model with [111]a1,||/[0001]sr, and [110]ay||[2110]s; (g) considered bee SL model with
[100]a1,]|[100]sr, and [010]1,||[010]sr,; (j) considered bee SL model with [111]ar||[111]gr,
and [110]ar||[211]sL; (e,h,k) corresponding diffraction patterns (schematically, not to
scale); (f,i,1) corresponding simulated CCFs for the first SAXS peaks ((1100)gy, in the

rhep case (f) and (110)gy, in the bee case (i,1)) and the 11147, or 20041, WAXS peaks.
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Figure S4.12: AXCCA of the polycrystalline bee SL. (a) An average SAXS pattern
for the polycrystalline channel. The 110gy, reflections used for AXCCA are shown with
a red dashed line. The scale bar corresponds to 1 nm~!. (b) An average WAXS pat-
tern for a polycrystalline channel. The 11141, and 20047, reflections used for AXCCA
are shown with red dashed lines. The scale bar corresponds to 5 nm~—*. (c) Calcu-
lated CCFs for the polycrystalline channel. (d,g,j) Proposed real-space bcee SL mod-
els with [100]ar||[100]SL and [001]ar||[010]s1, oriented along (d) [110]sw; (g) [111]sL;
(j) [100]aL; (e,hk) corresponding diffraction patterns (schematically, not to scale);
(fi,]) corresponding simulated CCFs for the first (110)g;, SAXS peaks and the 1114y, or
20041, WAXS peaks.
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SEM investigation of the PbS NCR superlattice types
Figure S4.13 shows scanning electron microscopy (SEM) micrographs of the different
SL types, as described in the main text. SEM imaging corroborates the structural

properties, revealed by the X-ray nano-diffraction.

Figure S4.13: SEM investigation of the two types of PbS NCR SLs. (a) Monocrys-
talline SL with rhep structure. Scale bar: 300 nm. (b) Polycrystalline SL with bece
structure. Scale bar: 300 nm. (c) High-resolution image of a bee SL. Schematic drawing
indicates alignment of individual NCRs. Scale bar: 50 nm. The fast Fourier transfor-
mations (insets) support the polycrystalline and monocrystalline nature as well as the
structure of the SLs, as deduced from the X-ray nano-diffraction data.

Semi-quantitative Raman-spectroscopy analysis
The SLs within microchannels exhibit strong characteristic Raman signals for Cu4APc
(750 cm™! and 1,050-1,650 cm™!),3%] as displayed in Figure S4.14a. Probing areas
outside the SL stripes, these characteristic signals vanish, verifying the specific func-
tionalization of the NCRs with the organic m-system (see line scan in Figure S4.14b).
Raman-spectroscopy was performed on the corresponding Si/SiO, substrates, as the
characteristic polyimide signals of the Kapton devices overlay with those of Cu4APc.
Figure 54.14¢ shows the Raman-spectroscopy analysis to semi-quantify the degree
of ligand exchange and its correlation to SL type. Stronger Cu4APc signals are observed
for polycrystalline bee SLs with a smaller lattice parameter (NND), compared to
monocrystalline rhep lattices. This supports the hypothesis of incomplete oleic acid
(OA) ligand exchange in rhep monocrystals. Raman signal from OA cannot be detected
(Figure S4.14e).
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Figure S4.14: Semi-quantitative Raman-spectroscopy analysis. (a) Raman spectrum
of a microcontact-printed SL stripe of PbS NCRs functionalized with Cu4APc, show-
ing characteristic signals of the ligand molecule at 750 cm™! and 1,050-1,650 cm™?,
indicated as ROI 1 and ROI 2, respectively. The signal at ~ 950 cm™! corresponds
to the silicon background. (b) In a line scan across a stripe, signal from the charac-
teristic fingerprint region of Cu4APc (ROI 2) is only detected on the PbS NCR stripe.
(c) Comparison between the two SL types. The polycrystalline bee SLs with smaller
lattice parameters (NND) exhibit stronger Raman signal from Cu4APc, supporting our
hypothesis in the main text. (d) Typical PbS NCR stripe on a Si/SiO, device with the
632 nm laser focus of the Raman-setup. (e) Raman-spectrum of a PbS NCR stripe with
monocrystalline hep SL. The spectrum clearly lacks signal from OA, which is supposed

to appear at ~ 2,800 cm™ 1.

Qualitative investigation of anisotropic charge transport
Figure S4.15a displays the graphical approach of identifying monocrystalline channels
for which the parameters nearest-neighbor distance NND and thickness h are identical.
Exactly four monocrystalline channels (2 pairs of 2) fulfil those requirements and can
directly be compared. We observe higher conductivity ¢ for the channels with lower
angle a.

For monocrystalline SLs with similar crystalline order and lattice parameter (NND)

but varying thickness, we normalize the measured electric conductivities by applying
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an empirical correction of the thickness dependence, for better comparability. This
correction is obtained from fitting the thickness-dependent conductivity data of twenty

individual microchannels (Figure S4.15b—). Figure S4.15b shows the conductivity of

microchannels as a function of SL thickness.
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Figure S4.15: Anisotropy of charge transport in monocrystalline NCR SLs. (a)
Graphical illustration of nearest-neighbor distance (NND) and thickness of investigated
SLs. Comparable monocrystalline channels with identical NND and h are highlighted in
green. (b) Conductivity of microchannels as a function of SL thickness. Polycrystalline
and monocrystalline microchannels are displayed. The red line corresponds to an empirical
fit, which is applied for the thickness-normalization. (c¢) Conductivity normalized to
the thickness as a function of NND. Now, channels with the same lattice parameter
(NND) can be compared. (d) Comparison of rhep monocrystals. Thickness-normalized
conductivity of monocrystalline channels as a function of azimuthal angle o. The color
code indicates comparable SLs with identical NND and the connecting lines are guides
for the eye. For clarity, the conductivity of the respective more conductive SL is set to
one. Inset: Schematic of the rhep SL and the favored hopping path for o = 0° (blue
arrow) along the dyy direction (red arrow). For an in-plane offset (v = 30°), the larger
hopping distance or the zig-zag path are detrimental to charge transport. Ligand spheres
of NCRs are omitted for clarity.
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All polycrystalline bee SLs exhibit almost identical lattice parameters and structural
order. Thus, the difference in conductivity can only be attributed to different SL
thicknesses. As described in the main text, the influence of h on o is attributed to a
fringing electric field along the height (sample normal), resulting in an inhomogeneous
current flow. This effect should be identical for all SL types. The red line corresponds
to the empirical fit of this conductivity-thickness dependence of polycrystalline chan-
nels. Applying this dependency to other microchannels allows us to normalize the
conductivity of all channels to their corresponding thickness. This thickness-normalized
conductivity is shown in Figure S4.15¢ as a function of nearest-neighbor distance. Here,
monocrystalline rhep SLs with the same NND can be directly compared.

Figure S4.15d shows the thickness-normalized conductivity of monocrystalline
rhep microchannels as a function of azimuthal angle a. For the sake of clarity, the
conductivity of the respective more conductive SL is set to one. As a general result,
the SLs with lower value of a show higher conductivity. This finding strongly supports

the hypothesis of anisotropic charge transport, as discussed in the main text.

On the origin of error bars

Error of the nearest-neighbor distance: Mean values are calculated from the
multiple (1-3) Bragg peaks registered for one microchannel. Errors correspond to the
standard deviation of those values.

Error of thickness h: The thickness h is determined by SEM imaging under a tilted
view of 85° with respect to the incoming beam (Si/SiO, devices) and AFM (Kapton
devices). Mean values and ranges are determined by multiple measurements (SEM) or
averaged height profiles (AFM).

Error of conductivity o: Mean values of conductivity are calculated as described

in the main text. Errors are calculated by Gaussian error propagation, given in
Equation (54.8).

Ao _\/(AG)2+(AL>2+<AW)2+<A}L>2 (545)
c V\G L w h '
Here, AG corresponds to the error of G, determined by multiple I-V curves of one
microchannel. AL and AW correspond to the uncertainty of L and W determined by
AFM. Ah corresponds to the thickness variation measured by AFM.

Error of azimuthal orientation: The mean values correspond to the central peak
position (¢iT ), and the error indicates the FWHM of the peak.
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5.1. Abstract

The collective properties of self-assembled nanoparticles with long-range order bear
immense potential for customized electronic materials by design. However, to mitigate
the short-coming of the finite size distribution of nanoparticles and thus, the inherent
energetic disorder within assemblies, atomically precise nanoclusters are the most
promising building blocks.

We report an easy and broadly applicable method for the controlled self-assembly
of atomically precise Augy("BusP)12Clg nanoclusters into micro-crystals. This enables
the determination of emergent optoelectronic properties which resulted from long-range
order in such assemblies. Compared to the same nanoclusters in glassy, polycrystalline
ensembles, we find a 100-fold increase in the electric conductivity and charge carrier
mobility as well as additional optical transitions. We show that these effects are due
to a vanishing energetic disorder and a drastically reduced activation energy to charge
transport in the highly ordered assemblies. This first correlation of structure and
electronic properties by comparing glassy and crystalline self-assembled superstructures
of atomically precise gold nanoclusters paves the way towards functional materials with

novel collective optoelectronic properties.

5.2. Introduction

Using the collective properties of self-assembled molecules and particles as building
blocks bears immense opportunities for microelectronic applications. 230129 Already
implemented applications of self-assembled thin films range from light emitting diodes
(LED) over field-effect transistors (FET) to optical sensors.[* Inorganic nanoparticles,
organic m-systems and conjugated polymers are the most widely used components for

[69,245,309,310] For instance, previous studies have shown the possibility

such self-assembly.
to form three-dimensional assemblies with long-range order using gold nanoparticles as
building blocks. *'] However, these nanoparticles consist of a few hundred to thousands
of atoms, are not atomically precise, exhibit finite size distributions and, thus, an
inherent energetic disorder in ensembles. To mitigate this short-coming, atomically
precise, inorganic molecular clusters have been suggested as promising building blocks
for customized electronic materials by design of their structure.[?%16%312313] Thege
materials exhibit larger dielectric constants than organic semiconductors with profound

consequences for their excited-state properties, such as the ability to exploit quantum
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confinement effects. A variety of such molecular clusters, often referred to as superatoms,
has already been used for the formation of solid-state materials. *1#318] A special interest
is thereby focused on the influence of the structure of the assembled materials onto
their properties, possibly enabling the creation of materials with desired properties by
design. (99319 Atomically precise metalloid nanoclusters (NCLs) form a subgroup of this

material class. [19:99

I The exact knowledge of their structure and composition along with
usually smaller sizes, enhanced quantum confinement and the prospect of single-electron
switching at room temperature promotes NCLs as building blocks for self-assembly. 6267

Previous studies on Au NCL ensembles have yet either reported conductivity

[320] along with the first observation of semi-

measurements of polycrystalline assemblies,
conducting properties, [ or the formation of highly ordered micro-crystals. [03:64.66,321]
However, attempts to quantify the influence of perfect order on the electronic properties
of such micro-crystals have remained unsuccessful.*??) Overcoming this challenge would
allow exploiting the distinct properties of perfectly ordered NCL micro-crystals, such
as superconductance in metalloid Ga84R;15 /3~ clusters. [173:318,323

In this paper, we show that assemblies of Auzs("BuzP);5Clg NCLs form idiomorphic
micro-crystals with high crystallographic phase purity and a strongly preferred growth
direction. The crystals are semiconducting and exhibit p-type hopping transport which
is limited by Coulomb charging. Energetic disorder is negligible in these micro-crystals.
In contrast, disordered assemblies of the same clusters show a decrease in the electric
conductivity by two orders of magnitude and an over 50% larger activation energy for

hopping transport due to the disorder.

5.3. Results

5.3.1. Self-assembly of Auz, NCL micro-crystals

The atomically precise building blocks of metalloid Augy("BusP);2Clg nanoclusters
(abbreviated as Auy, NCLs) with a Au-core size of ~ 0.9 nm are synthesized as
previously described.!'! Including the full ligand shell of twelve phosphine ligands
and eight chloride atoms, the building block size is about 1.3 nm, displayed in Figure
5.1a. Single crystal X-ray diffraction of macroscopic crystals of Aus, NCLs yields a
triclinic unit cell containing two crystallographically independent NCLs (ay. = 1.91 nm,
bue = 1.93 nm, ¢y = 3.32 nm; aye = 73.2°, Bue = 86.7°, Yue = 63.4°, space group
PT).100]
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Figure 5.1: Auj, NCL self-assembly into micro-crystals. (a) Structural drawing of
a Auga("BusP)12Clg NCL. The different colors represent the Au- (gold), Cl- (green),
P- (purple) and C- (grey) atoms, while hydrogens are omitted for clarity. The Au-
core has a diameter of ~ 0.9 nm, while the size of the entire NCL is about 1.3 nm.
Scale bar: 0.4 nm. (b-d) Schematic illustration of the assembly process. A Auz, NCL
solution is injected onto the liquid subphase within a Teflon chamber. The Ausy, NCLs
self-agssemble into micro-crystals and sink down through the subphase onto the immersed
substrate. Details are given in the Methods Section 5.5. (e) Optical micrograph of self-
assembled Ausy NCL micro-crystals on a Si/SiO, substrate. The crystals are pm-sized
and exhibit a parallelogram shape. Different sizes and thicknesses (color) can be observed.
Scale bar: 15 pm. (f) SEM micrograph of a self-assembled micro-crystal with indicated
long axis A, short axis B and angle Aj. Scale bar: 2 nm. (g) Distribution of long
and short axis revealing typical crystal sizes of A =174+ 4.2 pm, B = 10.6 + 2.5 pm
(dispersity of D = 1.07, see Supplementary information in Section 5.6 for details).

The preparation process, where dispersed Aug, NCLs self-assemble into micro-crystals at
the liquid-air interface and sink into the liquid subphase, is schematically illustrated in
Figure 5.1b—d. This method allows the preparation of micro-crystals onto any substrate
of interest. (Further details on the preparation can be found in the Methods Section 5.5
and Supplementary information in Section 5.6.) By “micro-crystals” we understand
micrometer-sized idiomorphic single crystals of Aus, NCLs with high crystallographic
phase purity and a strongly preferred growth direction, as detailed below. Figure 5.1e
shows a typical ensemble of self-assembled Aug, NCL micro-crystals with parallelogram
shape on a silicon wafer. The crystal shape can be quantified by its geometrical
properties of long axis A, short axis B, angle at the sharp edge A, and thickness h,
as illustrated in the SEM micrograph in Figure 5.1f. The lateral expansion (5-30 pm)
is 2-3 orders of magnitude larger than the thickness (50-600 nm, see Supplementary
Figure S5.1), indicating a strongly preferred growth direction. An analysis of SEM
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micrographs of individual micro-crystals yields a distribution of long and short axis,
revealing a typical lateral size of A = 17.44+4.2 ym and B = 10.6 + 2.5 um, as indicated
in Figure 5.1g. The lateral size dispersion is calculated to 24%. Further, we observe an
aspect ratio of long and short axis of A/B = 1.64 and a sharp edge angle of Ay = 63°
for all micro-crystals. This aspect ratio corresponds to the associated ratio found in the
unit cell of macroscopic Aus, NCL crystals, and the angle Ay suits the y,.-angle of the
unit cell of vy, = 63.4°.1'°) Hence, the shape of the micro-crystals strongly resembles the
aforementioned unit cell which renders the crystals idiomorphic. High resolution SEM
images (see Supplementary Figure S5.1) reveal perfectly defined edges and extremely
flat surfaces, indicating a high crystalline phase purity. Different color impressions in

Figure 5.1e originate from interference phenomena indicating different thicknesses.

5.3.2. Structural investigation of self-assembled Au;, NCL

micro-crystals

To verify the crystallinity of self-assembled micro-crystals, grazing-incidence small-angle
X-ray scattering (GISAXS) measurements are performed, which is a common technique
to investigate the structural properties of nanoparticle assemblies in thin films or
at interfaces. 300141 The GISAXS pattern of an ensemble of hundreds of individual
micro-crystals with different azimuthal orientation (Figure 5.1e) is shown in Figure 5.2a.
Sharp peaks are obtained (Figure 5.2¢), indicating the high crystallinity of the sample.
Doubled peaks in z direction can be observed, caused by a peak splitting phenomenon
as previously described.®¥ The fit of the obtained peaks yields a triclinic unit cell
(e = 1.9 nm, by = 1.94 nm, ¢, = 3.48 nm and e = 72°, Buec = 86°, Yue = 59°), which
is simulated onto the diffraction pattern. The fit is in excellent agreement with the
previously determined unit cell of a macroscopic Aug, NCL single crystal (a,. = 1.91 nm,
bee = 1.93 nm, cye = 3.32 nm and aye = 73.2°, By = 86.7°, Yy = 63.4°).1100
Considering the GISAXS data together with the morphological appearance of self-
assembled Aus, NCL micro-crystals, the unit cell of the micro-crystals can be described
by a triclinic structure with axis ratios and angles corresponding to a macroscopic
single crystal of Auy, (Figure 5.2d). Thus, micro-crystals are pm-sized single crystals,
built from individual building blocks of Aus, NCLs. A typical micro-crystal consist
of ~ 5,000 unit-cells laterally along the long axis A and ~15-200 unit-cells out-of-
plane (~ 10° Au, NCLs per micro-crystal). Furthermore, the dominant first peak in 2
direction at ¢, ~ 0.37 A~! corresponds to a distance of about d = 1.7 nm. Assuming
this to be the {002}-peak (based on the bulk structure), an unit cell edge of 3.4 nm
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can be calculated which is in good agreement with the unit cell length ¢, = 3.32 nm
of the macroscopic NCL crystal, indicating that the c,. axis of the unit cell is aligned
along the surface normal. In combination with the missing peaks at {200} and {020},
we conclude that most micro-crystals lay flat on the substrate surface, with axis a,¢
and by, oriented parallel to the substrate, as it is observed by microscopy techniques
(Supplementary Figure S5.2). Some peaks along the ring-like features at ¢ ~ 0.37 A~
are observed and attributed to single-crystals which are not oriented flat on the surface
and residual agglomerations which are not Aus, NCL micro-crystals (see Supplementary
Figure S5.2).

Intensity (a.u.)

0 0.2 0.4 0.6
q, (K)
Figure 5.2: Structure of Aug, NCL micro-crystals. (a) Grazing-incidence small-angle
X-ray scattering (GISAXS) pattern of an ensemble of hundreds of micro-crystals with
different azimuthal orientation. Diffraction spots are simulated according to a triclinic
unit cell (aye = 1.90 nm, by = 1.94 nm, cyc = 3.48 nm and oy = 72°, By = 86°,
Yue = 59°). (b) GISAXS pattern of a spin-coated thin film of Ausy NCLs. (c) Line scans
along ¢, at ¢, = 0.37 A1 of the pattern in red (a) and blue (b), respectively, highlighted
by the rectangular boxes. The ensemble of micro-crystals (a) show distinct sharp peaks,
indicating the high crystallinity. The polycrystalline sample (b) shows broad signals
while lacking clear peaks, indicating the polycrystalline and defect-rich structure. Gaps
correspond to detector edges. (d) Schematic drawing of the triclinic unit cell with axis
Gyc, bue and ¢y indicating the idiomorphic growth of the displayed micro-crystal. The
unit cell contains two crystallographically independent NCLs. Ligand spheres are omitted
for clarity. The scale bar of the SEM micrograph of a micro-crystal corresponds to 3 pm.
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In comparison to micro-crystals, the GISAXS pattern of a spin-coated 30 £+ 2 nm thin
film is given in Figure 5.2b. Instead of sharp peaks, more ring-like and smeared peaks
are observed, clearly indicating the polycrystalline and defect-rich structure of the
sample. Throughout this work we refer to these samples as “polycrystalline”; to indicate

their low degree of crystallinity and high angular disorder.

5.3.3. Optical properties of Aus, NCL micro-crystals

The comprehensive characterization of the micro-crystals is concluded by optical and
electronic investigations. Figure 5.3a displays the energy-corrected absorbance spectra
of a Aus, NCLs dispersion, a thin film and a micro-crystal. Dispersed Aus, NCLs
in solution exhibit several distinct peaks and shoulders, attributed to molecular-like
transitions (full spectrum in Supplementary Figure S5.3). While the most prominent
absorption peak is observed at 2.58 eV (481 nm), the first absorption peak at 1.55 eV
(800 nm) corresponds to the HOMO-LUMO transition. ®?°] Most strikingly, only in
micro-crystals of Aus, NCLs this peak is strongly enhanced as shown in Figure 5.3a

(additional spectra of individual micro-crystals are given in Supplementary Figure S5.4).
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Figure 5.3: Optical properties of Aug, NCLs and micro-crystals. (a) Absorbance
spectra of Aug, NCLs dispersed in hexane (green), in a thin film (blue) and in micro-
crystals (red) on glass. Individual micro-crystals show enhanced absorption at 800 nm
(1.55 V), corresponding to the HOMO-LUMO transition. The prominent absorption
peak at 481 nm (2.58 eV) for dispersed NCLs, is slightly redshifted to 483 nm (2.51 eV)
and broadened for Augy NCLs in thin films and micro-crystals. All spectra are normalized
to the prominent peak at 481 nm. The inset shows an optical micrograph of individual
micro-crystals on a glass substrate. Scale bar: 15 pm. (b) Photoluminescence (PL)
spectrum of an individual micro-crystal shows a broad emission peak at around 670 nm.
The inset displays the luminescence of two micro-crystals upon excitation with 488 nm.
Scale bar: 5 pm.
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Further, the absorption onset as well as the most prominent peak at 2.57 eV are
red-shifted by approximately 100 meV and 10 meV, respectively. A generally enhanced
absorption at lower energies and a broadening/shoulder formation at 2.48 eV (500 nm)
are observed in micro-crystals and thin films of Aug, NCLs. We attribute these findings
to a gradual progression from virtually no electronic coupling between the Au,, NCLs
in solution to weak coupling in thin films and enhanced electronic interactions in the
highly ordered micro-crystals. [*30:322:320]

While no emission of the Au,, NCLs is observed in solution, Au,, NCL micro-
crystals exhibit photoluminescence resulting in a broad emission peak at 670 nm

(1.85 V) after excitation at Aexy = 488 nm, as shown in Figure 5.3b.

5.3.4. Electronic properties of Aug, NCL micro-crystals

To study the possible electronic coupling between individual Aus, NCLs observed via
optical spectroscopy, we perform (temperature-dependent) conductivity and field-effect
transistor (FET) measurements on single Au,, NCL micro-crystals. Most remarkably,
we find that the conductivity of highly ordered Aus, NCLs within micro-crystals
exceeds that of polycrystalline assemblies by two orders of magnitude, corroborating
our hypothesis of enhanced electronic coupling.

We designed electrode devices, in which deposited micro-crystals bridge adjacent
electrodes to be addressed and probed individually. Details on the device layout are
given in the Supplementary information in Section 5.6 (Supplementary Figure S5.5 and
S5.6). Figure 5.4a shows a SEM micrograph of a 120 nm thick micro-crystal deposited
on two Au-electrodes with a gap of L = 2.8 pm on a Si/SiO, device. Figure 5.4b
displays a typical I-V curve of an individual micro-crystal in the range of 200 mV.
Ohmic behavior (at room-temperature) in the low-field regime (up to £1 V) is ob-
served. Electrical conductivity values with typical uncertainties of < 10% are calculated
from these measurements for 54 individual micro-crystal channels on different devices.
Figure 5.4¢ displays the narrow distribution of conductivity values, showing a mean con-
ductivity of o = 1.56 x 107* S m~! with a standard deviation of £0.90 x 10=* S m~!.
In contrast, the mean conductivity of polycrystalline thin films of Aus, NCLs is only
o~1x107%S m™! (Supplementary Figure S5.7). These devices are obtained by spin-
coating on substrates with interdigitated electrodes of channel length L = 2.5 pm and
width W =1 ecm. The film thicknesses are in the range of 30 & 2 nm to 47 &4 nm
(Supplementary Figure S5.8 and S5.9).
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Figure 5.4: Electronic properties of Augy NCL micro-crystals. (a) SEM micrograph
of an individual micro-crystal deposited on two horizontal Au-electrodes on a Si/SiO,
device. The electrodes form a channel with length L = 2.8 pm. The width and
height of the contacted micro-crystal are W = 7.9 + 0.4 pm and A = 120 nm. SEM
and optical micrographs are merged. Scale bar: 5 ym. (b) Typical I-V curve of an
individually probed micro-crystal. Ohmic behavior is observed in the low voltage regime.
(c) Distribution of conductivity o of 54 individual micro-crystals and 19 polycrystalline
thin films. The conductivity of micro-crystals exceeds that of polycrystalline films by
~ 2 oders of magnitude. (d) Temperature-dependent conductivity of Aus, NCL micro-
crystals with two individual measurements per temperature step. (e) FET transfer curve
(blue) of a polycrystalline film of Aug, NCLs on an interdigitated electrode device with
L =25 pm, W =1 cm, measured at Vgp = 10 V on a linear and logarithmic scale
together with the negligible leak current (grey). Arrows indicate the corresponding y-axis.
(f) FET transfer curve (red) of an individual micro-crystal device with L = 1.5 pm,
W =10.4 + 0.2 pym, measured at Vgp = 5 V, together with the negligible leak current
(grey). The insets in (e) and (f) display optical micrographs of the two devices. Scale
bars correspond to 500 pm and 10 pm, respectively.

To shed light on the charge-transfer mechanism of electronic transport within micro-
crystals and polycrystalline films of Au,, NCLs, we perform temperature-dependent
conductivity measurements at 7' = 340-170 K (Figure 5.4d). Below this range, the
measured current approaches the noise level. The measured temperature dependence
can be described by an Arrhenius-type temperature-activated hopping (Supplementary
Figure S5.10).'8!) Fitting the conductivity data accordingly, we obtain activation
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energies of Ky = 227 4+ 17 meV for individual micro-crystals and F, = 366 + 62 meV
for the spin-coated polycrystalline Aus, NCLs thin films.

To further characterize the electronic properties of self-assembled Aus, NCL micro-
crystals and polycrystalline films, FET measurements are performed. Strikingly, a field-
effect can be observed, indicating semiconducting behavior of the metal NCL assemblies.
The tri-butyl-phosphine ligands covering the cluster cores limit the electronic coupling

%] Figure 5.4e shows the FET transfer curve

enough to prevent metallic behavior.
of a polycrystalline thin film of Aus, NCLs on interdigitated electrodes with channel
dimensions of L = 2.5 pm, W =1 c¢cm and A = 30 + 2 nm. p-type behavior is observed,
indicating holes (h™) as majority charge carriers. The current flow can be modulated by
more than three orders of magnitude (ON/OFF ratio of ~ 4,000). Ambipolar behavior is
also observed for very high threshold voltages of Vi > 40 V. The calculated hole mobility
of spin-coated Auy, NCL films is in the range of pu(h™) ~ 1075-107% cm? V! 571
Figure 5.4f displays the FET transfer curve of an individual Au,, NCL micro-
crystal, which also indicates p-type behavior. Note that the current flows through a
much smaller channel width W of 5-10 pm in this case. Here, the mean value and
standard deviation of the hole mobility of individual micro-crystals can be calculated to
be pu(h™) = 0.8 x 107* £ 0.58 x 107* ecm? V! s71. Values up to 2 x 107* ecm? V! 7!
are observed (Supplementary Figure S5.11). The noise in current flow and the low
modulation can be attributed to the non-ideal channel geometry. Further, the quality
of contact between the dielectric SiO, layer and the micro-crystal is not known. The
non-ideal contact might influence the appearance of transfer curves (details are given
in Supplementary Figure S5.12). We have verified that the contact resistance of Auy,
NCL micro-crystal and thin film devices is negligible (Supplementary Figure S5.13).
Knowing the charge carrier mobility x(h™) and the conductivity of individual Auy,
NCL crystals, we calculate the charge carrier concentration to be n(h™) = 2 x 107 cm=3.
This correspond to one free charge carrier per 1,000 Aus, NCLs, as the concentration

of individual Auy, NCLs within a crystal is 1.9 x 10%® cm™3.
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5.4. Discussion

The Auy, NCL HOMO-LUMO gap of 1.55 eV (Figure 5.3a) is consistent with earlier
reports on other Au NCLs and the expected degree of quantum confinement. Specifically,
for NCLs with 11 and 25 Au atoms and, thus, stronger quantum confinement, HOMO-
LUMO transitions of 2.97 eV and 1.84 eV have been reported.!®>3?7 In line with this,
(AuAg),, NCLs exhibit a HOMO-LUMO transition of around 1.4 eV.[% A related
size-dependent study of NCLs with 10 to 39 Au core atoms revealed HOMO-LUMO
transitions from 3.7 eV to 1.7 V. The solid state luminescence of the Aus, NCLs
(Figure 5.3b) at 1.85 eV is fully consistent with the emission of other Au NCLs, [!%:325-331]

5, 1893327331 and may be attributed to aggregation-induced emission. [#33:33%:330]

such as Au,
In contrast to the HOMO-LUMO transition, which is believed to involve a (mostly dark)
sp-intraband transition, the luminescence in Au,; and Au,gs NCLs results from a sp—d
interband transition, which may also be the case in Aus,.[*3%*2) We note, however, that
Au,; NCLs consist of an icosahedral Au,; core, while the core of the Au,, NCL is a
hollow Auy, icosahedron with potentially different optical properties. [1%:100:337]

The conductivity (Figure 5.4c) and mobility (Figure 5.4e) of the thin polycrys-
talline Aus, NCL films are in good agreement with previously reported values for Au,,
and Augg NCLs.[%3%] In contrast to the study by Galchenko et al. on Auy,, NCLs
with n-type transport,!®! we observe here p-type behavior or ambipolar transport
with extremely high threshold voltages of approximately Vg = 450 V. In a recent
study by Yuan et al.[%l single crystals of (AuAg),, NCLs also exhibit p-type behavior
with mobilities of ~ 2 x 1072 ¢cm? V™! s7' and an ON/OFF ratio of ~ 4,000. The
conductivity of Aus, NCL micro-crystals exceed that of monomeric and polymerized
(AuAg),, NCL crystals (6 x 1078 Sm~! and 1.5 x 107> S m™?, respectively). [l

The key finding of this work is that the above-mentioned properties change
dramatically as long-range order is introduced to the NCL ensembles (Figure 5.2a).
While the seminal work by Li et al.l% reported electric transport measurements on
similar single crystals for the first time, we provide a direct comparison of the transport
properties in the ordered vs. the glassy state. This uniquely allows us to quantify the
value of long-range order for electric transport in Au NCL ensembles.

To this end, we use the experimentally determined activation energies to charge
transport in the Aus, NCLs, either as micro-crystals (Ex = 227 £ 17 meV) or as poly-
crystalline thin films (Ex = 366 4+ 62 meV). Transport in weakly coupled nanostructures
depends on the transfer integral 5, the Coulomb charging energy F¢ and the energetic

disorder Aca..”® Strongly temperature-activated transport (Figure 5.4d) suggests that
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even the Aus, NCL micro-crystals are in the Mott regime with E¢ >> 3. Thus,
charge transport is dominated by E¢ and possibly Aa. E¢ can be referred to as the
self-capacitance of the NCL and it describes the required energy for addition or removal
of an additional charge carrier to the NCL. We estimate F¢ of the micro-crystals to
276 meV (for details, see Supplementary information in Section 5.6), which is consistent
with the full activation energy. Thus, charge carrier transport in the micro-crystals
depends solely on the charging energy and the energetic disorder is negligible. In
contrast, Fx in the polycrystalline thin films largely exceeds E¢, suggesting a significant
degree of energetic disorder, which is caused by structural, orientational or chemical
disorder of the individual NCLs. Since the NCLs are atomically precise, we hold only
structural defects, such as grain boundaries, cracks and a lack of orientational order
to be responsible for the occurrence of a non-zero A« in the polycrystalline films. *%"]
This effect is especially pronounced here, as systems with large E are generally very
sensitive towards structural disorder. 2!l In contrast, Aus, NCL micro-crystals not only
consist of chemically identical building blocks but also exhibit structural perfection,
which manifests in a vanishing value of Aa. We suggest that this is the reason for the
enhanced electronic coupling and altered optoelectronic properties. Future attempts
to further increase coupling in Au NCL micro-crystals should focus on increasing the
transfer integral, for instance by reducing the distance between adjacent clusters or by
covalent coupling with conjugated linkers. If § ~ E, a Mott insulator-metal transition
occurs and band-like transport becomes possible. The basis for this will be atomically
defined building blocks in combination with a suitable coupling as pioneered here.

In conclusion, atomically precise Auss("BusgP);2Clg NCLs are self-assembled into
micro-crystals with high crystallographic phase purity and a strongly preferred growth
direction. Individual micro-crystals exhibit semiconducting p-type behavior and tem-
perature activated hopping transport, limited by Coulomb charging. Most strikingly,
additional optical transitions emerge, and charge carrier transport is enhanced by
two orders of magnitude in the micro-crystals compared to polycrystalline thin films,
highlighting the advantageous effect of long-range structural order. This study implies
that utilizing atomically precise building blocks for the self-assembly into SLs eliminates
energetic disorder and provides a promising route towards self-assembled nanostructures

with emergent optoelectronic properties.
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5.5. Methods

5.5.1. Materials

All chemicals were used as received unless otherwise noted. Octane, ethanol, dichloro-
methane and acetonitrile were bought from Sigma-Aldrich and were degassed and
distilled before usage. NaBH, was bought from Acros Organics. Silicon/silicon dioxide
(Si/Si0, ) wafers with 200 nm SiO, layer and n-doped Si were purchased from Siegert
Wafer. Photoresist, developer and remover (ma-N 405, ma-D 331/S and mr-Rem 660,

respectively) were purchased from micro resist technology GmbH, Berlin.

5.5.2. Synthesis of Augy("BuzP)12Clg

1 mmol of "BusPAuCl was dissolved in 20 ml of ethanol before a suspension of 38 mg of
NaBH, in ethanol was added. The reaction solution was stirred for one hour before the
solvent was removed under reduced pressure. The residual black solid was extracted
with CH,Cl, and layered with three times the amount of diethyl ether. After one week
a gold mirror formed while a dark supernatant remained. The dark brown supernatant
was filtered off and reduced under vacuum. Crystals of Auzs("BugP)15Clg formed by

storing the solution at —30°C for a few days.

5.5.3. Self-assembly of Auz, NCL micro-crystals

The formation of crystals via liquid-air interface method is schematically illustrated in
Figure 5.1b-d. A solution of Auy, NCLs in octane (200 ul, 0.5 mM) was added onto a
subphase of acetonitrile inside a home-built Teflon chamber (Figure 5.1b). The self-
assembly of Aus, NCLs into micro-crystals took place at the phase boundary between
the acetonitrile subphase and the NCL solution upon evaporation of the solvent. The
micro-crystals started to sink down through the subphase and stuck to the desired
substrate which was previously placed inside the liquid subphase (Figure 5.1c). After
45 min a glass slide was horizontally inserted into the subphase to separate the residual
Auy, NCL membrane (floating on the liquid-air interface) from the bottom substrate
(Figure 5.1d). The liquid subphase was removed and the substrate dried at ambient
conditions. Micro-crystal fabrication took place at ambient condition. Further details

are given in the Supporting information and Figure S5.14.
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5.5.4. Micro-crystal device fabrication

For the micro-crystal electrode devices, standard photolithography technique (negative
tone resist) was used to pattern Au electrodes on Si/SiO, substrates (200 nm SiO,).
Au (8-10 nm) and Ti (~ 2.5 nm) as an adhesion layer were thermally evaporated under
high vacuum conditions. Ultrasonic-assisted lift-off in mr-Rem 660 removed the residual
resist and metal layer. Electrodes with gaps of 1.5-2.5 ym (channel length L) were
realized. Devices were coated with micro-crystals as described above and checked with
a basic light microscope to identify channels, where a single micro-crystal bridges two

adjacent electrodes.

5.5.5. Thin film fabrication

Thin film samples for absorbance, GISAXS and electronic measurements were prepared
as follows. For thin film electronic devices with interdigitated electrodes, commercially
available OFET substrates (Fraunhofer IPMS, Dresden) were purchased. For GISAXS
and absorbance measurements, Si wafers with 200 nm SiO, layer and glass slides were
used, respectively. The substrates (15 x 15 mm?) were coated with 100 ul of a 0.5 mM
Aug,, NCL solution (hexane or heptane) and spin-coated after 2 min with a speed of
760 rpm or 2,000 rpm for 30 s. All devices were prepared at ambient conditions in a
fume-hood. The thickness of thin films was determined by profilometry (Dektak XT-A,

Bruker), details are given in the Supporting information.

5.5.6. Grazing-incidence small-angle X-ray scattering

GISAXS measurements were conducted on a Xeuss 2.0 setup (Xenocs). A CuKa
X-ray beam with wavelength A = 1.5418 A (E = 8.04 keV) and a beam size of
~ 500 x 500 pm? (FWHM) was used. A two-dimensional detector Pilatus 300K (Dectris)
with 487 x 619 pixels of 175 x 175 pm? was positioned 365 mm downstream the sample.
The samples (micro-crystal ensemble or thin film on Si wafer with 200 nm SiO, layer,
both described as above) were probed at an incidence angle of 0.2°. Acquisition times
of 60 min and 30 min were used to obtain the GISAXS maps in Figure 5.2a and
Figure 5.2b, respectively. Simulated peaks correspond to a triclinic unit cell with
aye = 1.90 nm, by = 1.94 nm, ¢, = 3.48 nm and aye = 72°, Bue = 86°, Yue = 59°,
which is in good agreement with the X-ray diffraction data from macroscopic Augs NCL
crystals (ay. = 1.91 nm, by = 1.93 nm, ¢y = 3.32 nm and o, = 73.2°, 5, = 86.7°,
Yue = 63.4°). Simulations were performed using the MATLAB toolbox GIXSGUI. 4l
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5.5.7. Optical measurements

Absorbance spectra of Augy, NCL in solutions (0.5 mM in hexane) were acquired with an
UV-Vis-NIR spectrometer (Cary 5000, Agilent Technologies). For thin films spin-coated
on glass slides (as described above), a Perkin Elmer Lambda 950 spectrometer was used.
For individual micro-crystals on glass slides, an inverted microscope (Nikon Eclipse
Ti-S) with a spectrometer was used. The sample was illuminated with unpolarized
white light by a 100 W halogen lamp. The transmitted light was collected by a 60x
objective (Nikon, CFI S Plan Fluor ELWD, NA = 0.7). The collected light was
passed to a grating spectrograph (Andor Technology, Shamrock SR-303i) and detected
with a camera (Andor Technology, iDusCCD). All absorbance spectra were energy
corrected using the expression Iops(E) = Lps(A) - A2.[29341) Photoluminescence images
and emission spectra of individual Aug, NCL micro-crystals were acquired with a
home-built confocal laser scanning microscope. The diode laser (iBeam smart, Toptica
Photonics) was operated in continuous wave Gaussian mode at an excitation wavelength
of Aex = 488 nm. Luminescence images were obtained with a photon counting module
(SPCM-AQR-14, PerkinElmer) and spectra were acquired with an UV-Vis spectrometer
(Acton SpectraPro 2300, Princeton Instruments). The background was subsequently

subtracted from the emission spectra.

5.5.8. Scanning electron microscopy

SEM imaging of micro-crystals on Si/SiO, devices was performed with a HITACHI
model SU8030 at 30 kV. To estimate the thickness of micro-crystals, samples were titled

by 85° with respect to the incoming electron beam.

5.5.9. Electrical measurements

All electrical measurements were conducted under vacuum in a probe station (Lake Shore,
CRX-6.5K). All samples were placed under vacuum over night before measurement
(pressure of < 107° mbar). Au-electrode pairs were contacted with W-tips, connected to
a source-meter-unit (Keithley, 2636 B). A back electrode worked as gate electrode. For
two-point conductivity measurements, voltage sweeps in a certain range of £1 V were
applied and the current (as well as leak current) detected. Fitting the linear I-V curve
yielded the conductance value G. Conductivity o was calculated as o = (G- L)/(W - h).
The dimensions length, width, thickness (L, W, h) were determined by SEM imaging
for micro-crystals or profilometry for spin-coated thin films (Dektak XT-A, Bruker).
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For FET measurements (bottom-gate, bottom-contact configuration), a source-drain
voltage of Vsp was applied and Isp was measured, modulated by applied gate voltages
V. Using the gradual channel approximation, field-effect mobilities 1 were calculated
(Supplementary Equation (S55.2)).

For temperature-dependent measurements, the devices were cooled down to 8 K
and gradually heated with a Lake Shore temperature controller (model 336). Current
was detected in the temperature range 170-340 K. At least two measurements were
taken for every temperature. After reaching 340 K, measurements were repeated at lower
temperature, to verify the reversibility. The temperature-activated hopping behavior

can be described as an Arrhenius-type, which is expressed in Equation (5.1).[%!]

-K
o = 0pexp (/ﬁs;) (5.1)

Here, F, is the activation energy, kg the Boltzmann constant, 7" the temperature and

0o a constant. F, was obtained from the slope of In(c) as a function of T71.
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5.6. Supplementary information

SEM imaging of micro-crystals

Figure S5.1a displays a SEM micrograph of a micro-crystal. Well-defined edges as well
as an extremely flat surface are observed. Figures S5.11b—d show side-views of micro-
crystals with different thicknesses. In side-view the sample is tilted by 85° with respect
to the incoming electron beam. From this, the thickness of individual micro-crystals

can be investigated.

—— 1 ——

Figure S5.1: SEM investigation of Ausy NCL micro-crystals. (a) High-resolution SEM
micrograph of an edge of a micro-crystal. Individual NCLs can be identified on the top-
most layer as well as on the slightly tilted sidewall. However, structural arrangement of
NCLs cannot be resolved. Scale bar: 100 nm. (b-d) Side-view of different micro-crystals
with thicknesses of ~ 200 nm (b), ~ 100 nm (c) and ~ 450 nm (d) under incident angle
of 85°. Scale bars correspond to 300 nm (b), 1 pm (c¢) and 3 pm (d).
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Micro-crystal sample for GISAXS measurements
Figure S5.2 shows an optical micrograph of the micro-crystal sample used for GISAXS.
The majority of micro-crystals is oriented flat on the surface. Minor agglomerates cause

distortions of the resulting GISAXS pattern, as described in the main text.

Figure S5.2: Optical micrograph of a Si/SiO, sample with an ensemble of hundreds
of individual micro-crystals used for GISAXS measurements. Scale bars in (a) and (b)
correspond to 200 pm and 50 pm, respectively.

Dispersity of the micro-crystals

To determine the dispersity of the micro-crystals, scanning electron micrographs were
used to measure the axis lengths of the micro-crystals (ImageJ software). The dispersity
D is calculated according the ITUPAC definition using the following Equation (S5.1)

n
N M2
where M,, = %‘I— and M, = %%% N is given as the number of crystals with

axis length M. Using this equation with measured axis lengths of ~ 100 micro-crystals
yielded a dispersity of P = 1.07.
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Optical spectrum of Aug,("BusP);,Cls nanoclusters

Figure S5.3 shows an optical absorbance spectrum of Au,, NCLs dissolved in hexane.
Several distinct molecular-like transitions are observed, together with a HOMO-LUMO
transition at 1.55 eV.

Wavelength A (nm)
1200 800 600 500 400 350 300

1 15 2 25 3 35 4 45
Energy E (eV)

Figure S5.3: Optical spectrum of Aus, NCLs. Absorbance spectra of Aus,
NCLs dispersed in hexane. Absorbance is energy corrected using the expression
Lips(E) = Lips(\) - A2. The peak at 1.55 eV (800 nm) is attributed to the HOMO-LUMO
transition. This spectrum corresponds to the spectrum shown in Figure 5.3a with larger
energy range.
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Optical spectra of individual Au,, NCL micro-crystals
Figure S5.4 shows the absorbance spectra of several individual Au,, NCL micro-crystals,

all exhibiting the enhanced peak at around 1.55 eV (800 nm).

Figure S5.4: Absorbance spectra of individual Aus, NCL micro-crystals. (a) Ab-
sorbance as a function of wavelength A of eleven micro-crystals on glass. The legend
indicates the qualitative thickness of the corresponding micro-crystals, determined via
the grayscale values from the optical micrographs in (c¢). (b) The spectra from (a)
with energy corrected absorbance (using the expression Iips(E) = Iyps(A) - A2 as a func-
tion of energy. All micro-crystals exhibit the enhanced absorbance peak at around
1.55 €V (800 nm). All curves are normalized to the local maximum at 2.58 eV (480 nm).
(c) Optical micrographs (camera images) of the eleven micro-crystals where absorbance
was measured (labeled). From top left to bottom right, the grayscale value of the micro-
crystals decreases, assuming the thickness to decrease as well. The scale bar corresponds
to 40 pm and applies to all subfigures.
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Electrode layout for electronic measurements of individual micro-crystals
Optical micrographs of typical electrode devices (Si/SiO, substrate) are given in
Figure S5.5. Adjacent electrodes form channels due to overlapping ends. The width of
the overlap is 80 pm and the distance between electrodes defines the channel length
L. On a single device, up to 330 individual channels are realized. By contacting
the contact-pads of adjacent electrodes, every channel can be addressed individually.
The devices are coated with micro-crystals as described in the Methods Section 5.5.
Micro-crystals which are bridging two adjacent electrodes can be contacted and probed
individually. On a typical device, 10-40 individual micro-crystals can be investigated.
Due to the relatively thin electrode thickness of ~ 10 nm, contacted micro-crystals are
not free-standing but establish contact to the SiO, layer, manifested by the observed
field-effect.

Figure S5.5: Optical micrographs of a typical electrode device with micro-crystals.
Micro-crystals which are bridging two adjacent electrodes can be contacted and probed
individually. (10 nm Au-electrodes on Si/SiO, wafer with 200 nm oxide thickness). Scale
bars of (a) and (b) correspond to 200 pm and 40 pm, respectively.
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Evaluating the effective width of a micro-crystal within a channel

The effective width of a micro-crystal on a channel is described best by the mean of W
along the channel. Figure S5.6 shows a SEM micrograph of a micro-crystal covering two
channels. The measured conductance G of the channels is different, due to differences
in effective width. For every channel, different widths are present (caused by the
parallelogram shape). The calculated conductivities o of the two channels should be the
same, since the same micro-crystal is probed. Normalizing the measured conductance
G with the channel geometry L/W gives essentially the same value (as thickness h is
the same). This geometry normalized conductance values, using the mean width, are
identical with 39.5 pS and 39.9 pS for the micro-crystals in the two different channels,
respectively. Thus, using the mean width along the electric field is the most appropriate

dimension.

Figure S5.6: SEM micrograph of an individual micro-crystal, covering two different
channels. Using the mean value of W to calculate the conductivity o yields the same value
for geometry normalized conductance for both channels bridged by the same micro-crystal.
Scale bar: 5 pm.
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I-V curves of Auy, NCL devices
Figure S5.7 shows representative -V curves of a self-assembled Aus, NCL micro-crystal

with conductivity gerystal = 2.4 X 107* S m™" and a spin-coated Aus, NCL thin film
with gy, = 4.4 x 1076 S m~1!.
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Figure S5.7: I-V curves of Ausy NCL devices. (a) Typical I-V curve of an individually
probed micro-crystal. Fitting Isp (red) yields the conductance Gerystal = 57 pS. The
leakage (blue) is negligible. The inset displays the corresponding micro-crystal with
L=28yum, W = 6.8 ym and h = 98 nm. The conductivity can be calculated to
Ocrystal = 2.4 X 107%* S m~!. Scale bar: 7 pm. (b) Typical I-V curve of Auszy NCL thin
film. Fitting Isp (red) yields the conductance Ggr, = 533 pS. The leakage (blue) is
negligible. The inset displays the corresponding device with L = 2.5 ym, W =1 cm and
h = 30 &+ 2 nm. The conductivity can be calculated to ogm = 4.4 x 1076 S m~!. Scale
bar: 250 pm.
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Details on spin-coated thin film samples

All thin film samples were prepared by spin-coating and no post-coating techniques
were applied. The samples were stored overnight to ensure full evaporation of residual
solvents. Thin film samples for electronic measurements were placed under vacuum
overnight in the probe station and measured under vacuum conditions (pressure of
< 1075 mbar). Figure S5.8 displays optical and scanning electron micrographs of typical
spin-coated Aus, NCL thin films.

Figure S5.8: Micrographs of spin-coated Ausy NCL thin films. (a) Optical micrograph
of a 30 £ 2 nm thin film on interdigitated Au electrodes of a Si/SiO, substrate. Optically,
the thin film appears homogeneous over the entire displayed area of ~ 1.5 mm?. Scale
bar: 250 pm. (b) Scanning electron micrograph of the same film within a channel of
L = 2.5 ym (Au electrodes at left and right side). A continuous film with individual
grains of 440 £ 130 nm length can be observed. Scale bar: 500 nm. (c) High-resolution
SEM micrograph of the Ausy NCL thin film. Scale bar: 100 nm. (d) SEM micrograph
under incident angle of 85° of a thin film within a channel of L = 2.5 pm (Au electrodes
in dark, channel gap in bright). A smooth and uniform surface can be observed. Scale
bar: 1.5 pm.
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Thickness characterization of Au,, NCL thin films

Figure S55.9 displays the thickness characterization of spin-coated Aug, NCL thin films
by profilometry (Bruker, Dektak XT). The samples were prepared with a scratch
(Figure S5.9a) to identify the absolute film thickness by scanning across (Figure S5.9b).
Several height profiles were taken per sample to calculate the mean value and standard
deviation of the film thickness. Measuring the thickness on several positions of the
samples and calculating the mean value 4+ standard deviation yields values of 30 £ 2 nm
and 47 &+ 4 nm (relative deviations of 6.7-8.5%).
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Figure S5.9: Thickness characterization of Aus, NCL thin films by profilometry.
(a) Camera image of the profilometer showing an electrode device with a spin-coated
Aug, NCL thin film and the stylus (as well as its reflection). The red arrow indicates
the scanning direction x across a scratch within the thin film. Scale bar: 500 pm.
(b) Corresponding height profile of the thin film revealing a thickness of h = 30 nm and
a root-mean-square roughness of 2.2 nm.
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Temperature-dependent conductivity measurements

Figure S5.10a and S5.10c display typical plots of temperature-dependent conductivity

of a Aus, NCL micro-crystal and a spin-coated thin film, respectively. Figure S5.10b

and S5.10d show the corresponding Arrhenius plot, where In(o) is plotted as a function

of T~!. Fitting the linear curve yields the activation energy Ex.
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Figure S5.10: Temperature-dependent conductivity measurements of a Augy NCL
micro-crystal (a,b) and a spin-coated thin film (c,d). (a) Conductivity as a function of
temperature of an individual micro-crystal with L = 2.8 pm, W = 7.9 + 0.4 pm and
h = 120 nm. At every temperature step, several measurements were performed. This

Figure corresponds to Figure 5.4d. (b) Arrhenius-plot of the data points shown in (a).

The linear fit yields the activation energy Fa =~ 0.2 V. The R? value of 0.99 indicates
the goodness of the linear fitting. (c) Conductivity as a function of temperature of a thin
film channel with L = 2.5 pm, W =1 cm and h = 30 &2 nm. At every temperature step,
several measurements were performed. (d) Corresponding Arrhenius-plot of (c¢). The
linear fit yields the activation energy Ea ~ 0.33 eV. The R? value of 0.92 indicates the
goodness of the linear fitting. In the manuscript, we report the mean value of Ej for
micro-crystals and thin films, including the standard deviation, based on the evaluation
of 25 and 7 of such plots, respectively. This yields Ex = 227 + 17 meV for micro-crystals
and Fx = 366 & 62 meV for the thin films.
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Equations used for the investigation of electronic properties
The field-effect mobilities i of individual micro-crystals or polycrystalline thin films
are calculated using the gradual channel approximation, given in Equation (S5.2). The

charge carrier concentration n is calculated using Equation (S5.3).

o a[SD L tox

—gsp 2
F= 0V "W 20erVep (85.2)
g

Being %I%g the derivation of Isp in FET transfer curves, Vsp the source-drain voltage,
goer and o, the permittivity and the thickness (230 nm for interdigitated electrodes,
200 nm for micro-crystal devices) of the dielectric SiO, layer, respectively, and e the

elementary charge.

Field-effect mobility of individual Auz, NCL micro-crystals
Figure S5.11 shows the distribution of the field-effect hole mobility p(h™) of individual

micro-crystals.

Frequency
A o o o N

N

0
107 10%  10° 10*  10° 102

Mobility u(h*) (cr/Vs)
Figure S5.11: Distribution of the field-effect hole mobility u(h™) of 21 individual
micro-crystals. All micro-crystals show p-type behavior. The mean value and standard

deviation can be calculated to be u(h™) = 0.8 x 1074 4+ 0.58 x 10™* em? V~! s71. Values
up to 2 x 1074 cm? V—! s7! are observed.
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A schematic drawing of the devices is given in Figure S5.12. The micro-crystals are
deposited onto the electrodes with a thickness of ~ 10 nm. Accordingly, there is a gap
between the micro-crystals and the dielectric of 0-10 nm. This is what we refer to as non-
ideal channel geometry. In contrast, the spin-coated films form a relatively conformal
layer within the channel, which leads to much better contact. Nonetheless, there is still
an appreciable transconductance in the micro-crystals, which — after renormalization
for the different channel geometry — is ~ 30 higher for the micro-crystals compared
to the spincoated films. This further indicates the more efficient charge transport in

highly ordered micro-crystals.

micro-crystal thin film

[ electrodes
[ dielectric
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Figure S5.12: Schematic drawing of FET devices of a micro-crystal (left) and a thin
film (right).

Details about the current normalization considering the different channel geometries:

thin film: T (—40 Vi, 5 Vsp) = 5.5 x 107% A (S5.4)
micro-crystal: Terystal(—40 Vg, 5 Vap) = 9.0 x 1077 A (S5.5)

Normalized to geometry:

I - L 55x10°A-25%x10%m

thin film: = .
B W h 0.0l m-30 x 10-9 m (85.6)
=458 x 107" A/m (S5.7)

I L 90x102A-15x10%m

. 5 1: crystal _ .
micro-crysta W-h  10x10%m-100 x 109 m (55.8)
=1.35x 1072 A/m (S5.9)

Ratio:
1.35 x 1072 A

35X W0 A/m o (85.10)

458 x 1074 A/m
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Evaluation of the contact resistance of Auz, NCL devices

To measure the contact resistance R of the Aug, NCL devices, we apply the Y-function
method (YFM), which is a common technique for the evaluation of MOSFETs and
OFETs. P23 Figure S5.13 illustrates the YFM technique to estimate the R¢ of a
FET device (exemplarily shown for a Aus, NCL thin film channel).
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Figure S5.13: Y-function method (YFM) to estimate the contact resistance R¢ of an
individual FET device. (a) Transfer characteristic of a Augy NCL thin film p-type FET
at Vsp =1V (L =2.5pum, W =1 cm). (b) Transconductance versus gate voltage V.
(c) Y-function versus V. Fitting the linear regime yields the slope s1. (d)%versus Va.

Fitting the linear regime yields the slope s2. The R? values in (c) and (d) verify the
goodness of the linear fit. R¢ is calculated to 1.2 x 107 Q. The total resistance of this
device is 1.9 x 10% €.

From the transfer characteristic Isp vs. Vg (Figure S5.13a) the transconductance
g is determined as g = 0Isp/0Vy (Figure S5.13b). The Y-function is defined in

Equation (S5.11) as

y = 5o (S5.11)

V9
and fitting Y as a function of Vg in the linear regime yields the slope s1 (Figure S5.13c).

Next, the function%versus Vi is determined and linearly fitted to calculate the slope
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s2 (Figure S5.13d). The contact resistance R is calculated using Equation (S5.12) as

Rec = Vgp X 52 ) (S5.12)

s1
Using this method, we determine the contact resistance of thin films and micro-crystal
channels as R¢ ims = 1-3 X 107 Q and Re orystals = 2 X 10® Q, respectively. In contrast,
the total resistances are Rg, ~ 0.5-2 x 10° Q and Rerystals = 220 X 10° Q. Thus,
the contact resistances are only ~ 2% and ~ 1-10% for thin film and micro-crystal
devices, respectively. Hence, the Y-function method verifies the applicability of simple

2-point-probe measurements, as the effect of R¢ is negligible. 2427344

Calculation of the Coulomb charging energy Fc
The estimation of the Coulomb charging energy is performed as described below.

The Coulomb charging energy F¢ is given in Equation (S5.13).

62

Ep= -
¢ 90y

(S5.13)

Here, e is the elementary charge and Cy; the total capacitance of the particle to its sur-

rounding. The interparticle capacitance can be estimated using Equation (S5.14).[339:345]

d
C ~ 2mee,r ln<r ; ) (95.14)

Here, g¢ is the vacuum permittivity, e, the dielectric constant of the surrounding medium
(~ 2.0-2.5 for alkanes and phosphine), r is the NCL radius (~ 0.45 nm) and 2d the
interparticle distance. Knowing that individual micro-crystals are oriented face-on to
the surface, the in-plane Au core-core distance corresponds to the axis au. and by, with
~ 1.9 nm. As the core size is 0.9 nm the interparticle distance is 2d ~ 1.0 nm. As each
NCL in the array has eight nearest neighbors, the total capacitance can be calculated

to Oy, = 8C'. Accordingly, an estimation of charging energy yields E¢ ~ 276 meV.
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Details on the self-assembly process of Au,;, NCL micro-crystals

Different parameters have been investigated to tune the morphology and amount of the
micro-crystals. Using a larger quantity of particle solution leads to a higher amount
of micro-crystals on the substrate (Figure S5.14). The same effect can be achieved
by increasing the preparation time which allows more crystals to trickle through the
subphase. Empirically, 45 min and a volume of 200 pl have shown best results in terms
of crystal density along with reasonable preparation times. The influence of the chosen
solvent is the following: Aus, NCL dispersions with hexane yield thicker micro-crystals
(up to several hundreds of nanometers), whereas octane lead to the formation of thinner
micro-crystals (thicknesses of 50-100 nm). For heptane, intermediate thicknesses can

be achieved.
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Figure S5.14: Effect of dispersion volume on self-assembly process. At a fixed
dispersion solvent (heptane) and concentration (0.5 mM), the number of micro-crystals
can be varied. Dispersion volumes of (a) 20 ul, (b) 100 pl and (c) 200 pul were used.
(d) Number of micro-crystals per mm? as a function of dispersion volume. Scale bars
correspond to 200 pm.

Mechanism of micro-crystal self-assembly

To investigate the place and process of the formation of the micro-crystals, a self-built
interference reflection microscope was used. A Framos Lt 225 camera with 16 nm/px
resolution was used along with a Nikon TIRF objective with oil immersion and a
numerical aperture of NA = 1.52. The sample was illuminated by a Rebel High Power
LED with a wavelength of 460 nm. A Teflon tube was sealed onto a glass cover slide,
filled with acetone and placed onto the microscope. The microscope was focused just
above the glass slide into the subphase. A Aug, NCL solution (0.5 mM, octane) was
added onto the subphase to start the process of self-assembly. After the duration of
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15 min, the sudden appearance of micro-crystals was observed. From this, we deduce
that the process of crystallization does not take place at the substrate but at the
liquid-air interface. From there, the micro-crystals start to sink down through the
subphase as soon as they reach a critical mass. After reaching the glass slide/substrate,
the micro-crystals are able to move laterally within the subphase along the bottom.

Upon removal of the subphase, the micro-crystals are deposited onto the substrate.
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6. Conclusion & outlook

This section provides a summary of the main findings of this thesis and concludes with
an outlook for further research.

Experimentally addressing the question “Does structural order have a significant
effect on the (opto-)electronic properties of nanocrystal assemblies?” posed in the
introduction of this thesis requires suitable model systems and primarily devices where
electronic transport and structural properties of the same NCR SL domains can be

investigated.

Thus, at first, a high-throughput and easy-to-implement soft-lithography technique was
developed to realize micrometer-sized channels of Cu4APc-functionalized PbS NCR
SLs. This was achieved by combining the top-down processes of photolithography
and anisotropic etching of silicon with the bottom-up processes of NCR self-assembly
and ligand exchange at the liquid/air interface. By means of nCP, patterns of well-
defined stripes of highly ordered PbS SLs with widths of ~ 4 pm were transferred onto
orthogonally oriented electrodes with gaps of ~ 1 pm. Hence, most of the substrate
area remains uncoated, which is key to obtain well-defined NCR SL microchannels. The
created channels with lengths of ~ 1 pm and widths of ~ 4 pm approach the size of
typical single-crystalline domains and thus enable conductivity and FET measurements
of single grains. As a proof-of-concept, a comparison of these microchannels with
conventional and commonly used large-scale channels revealed that charge transport is
orders of magnitude more efficient within the microchannels developed in this thesis.
This strongly points to a beneficial effect of the single-crystallinity on charge transport.
This approach of microchannel fabrication via pCP is ideally suited, as it is not limited
to PbS NCRs and could easily be implemented for other systems of interest by following
the detailed step-by-step protocols provided. These results have been published in
Nanotechnology, 31, 405302 (2020). Details are given in Chapter 3.

Secondly, after being able to determine the electronic properties of single-
crystalline domains, a full structural investigation of those domains was required.
This was realised by X-ray nano-diffraction measurements at DESY in collaboration

with the group of Prof. Ivan A. Vartanyants. Therefore, by means of the developed
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nCP approach, X-ray transparent Kapton devices containing SL microchannels of
Cu4APc-functionalized PbS NCRs were established. Within pre-selected microchannels,
for which the conductivity was determined, the SLs were scanned by a nanofocused
X-ray beam of ~ 400 x 400 nm? in transmission mode to simultaneously detect SAXS
and WAXS signals. This enabled us to generate spatially resolved maps containing
structural information of the SL and the atomic lattice of the NCRs within. By applying
AXCCA, the structure of hundreds of PbS NCR SLs were resolved and correlated to
their determined conductivities. This was the first time a full characterization of SL
structures was done in parallel with conductivity measurements of the same domains.
Thus, the influence of SL type, crystallinity, unit cell size and orientation was deter-
mined and the computational prediction of anisotropic charge transport was tested
experimentally.

We identified two types of microchannels of either polycrystalline bee SLs or
monocrystalline rhep SLs. Although the nearest-neighbor distance of the monocrystalline
rhep SLs is much larger, their conductivities can be as high as those of polycrystalline
bee SLs. This is considered to be an indication that the degree of crystallinity (poly vs.
mono) compensates the effect of the much larger interparticle distance and thus has a
significant effect on the conductivity.

Further, strong evidence of anisotropic charge transport within long-range ordered
SLs was found. For monocrystalline rhep SLs oriented with the [0001]g;, direction
normal to the substrate, the influence of the in-plane SL orientation with respect to
the electric field direction on the conductivity was investigated. We observed a 40-50%
higher conductivity for SLs where the nearest-neighbor direction is oriented parallel
to the electric field, compared to otherwise identical SLs with an in-plane rotation.
This parallel orientation results in the shortest hopping distance, while an in-plane
offset leads to an increase of the effective hopping distance or a deviation from the
direction of the electric field. This intrinsic property of anisotropic charge transport
is attributed to the dominant effect of most efficient charge carrier hopping along the
shortest interparticle distance and, thus, is assumed to be a general feature of weakly
coupled NCR SLs. As a consequence, one could predict favored directions for charge
transport within other SL types, such as simple cubic, fce or bee, being the (100), (110)
or (111) SL directions, respectively. This is schematically illustrated for a bee SL in
Figure 6.1.
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Figure 6.1: Schematic of the predicted anisotropic charge transport in a coupled bce
SL of Cud4APc-functionalized PbS NCRs. The precise arrangement of the NCRs in a
highly ordered SL facilitates charge carrier transport (e~) along a certain direction. For
a bee SL, the predicted direction is (111), caused by the shortest interparticle distance.

Moreover, caused by the mesocrystallinity of the rhep SLs, the [110]r, directions of
all NCRs are iso-oriented with the nearest-neighbor distance. Thus, the orientational
order of the NCRs might be an additional source for the occurrence of a favored charge
transport direction. The results of this chapter have been published in Advanced
Materials, 32, 2002254 (2020). Details are given in Chapter 4.

Finally, Auzs("BusP);2Clg NCLs were utilized as another model system, differing from
larger NCRs with an inherent size distribution by their atom-precise structural com-
position. A method was developed to self-assemble Aus, NCLs into SLs of the shape
of idiomorphic micro-crystals with high crystallographic phase purity and a strongly
preferred growth direction. Compared to glassy/polycrystalline ensembles, the identical
but highly ordered Aus, NCLs in micro-crystals exhibit additional optical transitions,
strongly pointing to an increased electronic coupling between adjacent NCLs. By de-
positing the micro-crystals onto electrode devices, the electronic properties of individual
micro-crystals were investigated and semiconducting p-type behavior was found. Fur-
ther, the predicted enhancement of electronic coupling was verified, as the conductivity

and charge carrier mobility of micro-crystals exceed that of polycrystalline ensembles by
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two orders of magnitude. This allowed quantifying the effect of solely structural disorder
in NCL ensembles. Due to the eliminated energetic disorder of Aus, NCL ensembles,
caused by the atomic and structural precision, the remaining disorder within the Aus,
NCL ensembles is only of structural nature. In contrast, ensembles of larger NCRs with
an inherent size distribution feature both structural disorder (due to structural defects)
and energetic disorder (due to inhomogeneities of the NCLs), rendering it very difficult
to distinguish those effects. Consequently, the highly enhanced charge transport within
long-range ordered domains could be attributed to a vanishing degree of structural dis-
order, whereas the presence of only near-range order in glassy /polycrystalline domains
is detrimental to the electronic coupling and charge transport. These results have been

published in Nature Communications, 11, 6188 (2020). Details are given in Chapter 5.

To conclude, the findings for PbS NCRs and Au,, NCLs reported in this thesis strongly
support the hypothesis of the advantageous effect of a high degree of crystallinity and
long-range order on the electronic coupling and charge carrier transport within SLs.
Hence, strong evidence is provided that structural order does indeed have a significant

effect on the (opto-)electronic properties of NCR ensembles.

Accordingly, this thesis opens up further questions that should be investigated in future
projects, for which the methodological approaches have been successfully demonstrated
here. For example, other structure-transport-relationships in coupled NCR SLs should
be explored, as this thesis strongly hints at additional effects determining the electronic
properties. A comparison of different SL types, such as bce and fee, with similar nearest-
neighbor distances could give further insight into the effect of electronic coupling along
certain SL axes or the effect of packing density. Moreover, the degree of NCR alignment
might also play a role for charge transport. In highly mesocrystalline SLs, the electronic
coupling is expected to exceed that of a similar S with randomly rotated NCRs. This
assumption is based on a potential facet-specific electronic coupling for iso-oriented
NCRs. A first hint was given in this thesis, since the direction of the preferential charge
transport in PbS NCR SLs is co-linear to the [110]4y, direction of the NCRs. Whether
this NCR orientation influences the anisotropic charge transport or not requires further
research.

Applying the concept of preferred carrier hopping along the nearest-neighbor direc-
tion in PbS NCR SLs to Aus, NCL micro-crystals, a significantly stronger anisotropic
charge transport is to be expected. Charge transport might be highly favored along
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the ay and b, axes (~ 1.9 nm) compared to the larger c,. axis (~ 3.3 nm). The
investigation of a possible charge transport anisotropy in Aus, NCL domains could be
subject of future research to test the hypothesis that this effect is a general feature of
weakly coupled NCL and NCR SLs.

Generally, the theoretically predicted formation of minibands in NCR SLs as a
consequence of the long-range order has not yet been experimentally demonstrated,
due to the weak degree of interparticle coupling of the materials reported in literature.
Therefore, future studies must advance the realization of highly ordered NCR SLs
with even stronger electronic coupling, in order to fully understand electronic coupling
and charge transport of NCR ensembles and finally explore the potential plethora of
structure-related NCR devices.

However, dedicated research towards a controlled assembly of NCRs is needed,
which seems to be the bottleneck for further studies. In this context, atom-precise NCLs
might arguably be more suitable than NCRs, as much more defined SLs can be realized.
This has been demonstrated in this thesis, as the distribution of conductivity values
of the well-defined Aus, NCLs micro-crystals is extremely narrow (~ 58% deviation),
while conductivities in a wide range of three orders of magnitude were observed for
PbS NCR SL domains. This is consistent with the higher degree of structural order
present for the SLs of NCLs. Thus, another subject of future research should focus
on the self-assembly of larger NCLs, accompanied with ligand exchange procedures to

realize strongly coupled SLs.

As shown above, this thesis raises a number of exciting new questions, the foundation of
which — namely the existence of structure-transport correlations in self-assembled NCR
SLs — has been laid in this thesis. Thus, this work helps to understand the fundamental
principles of structure-related charge transport properties of NCR ensembles and
hopefully inspires others to strive for the understanding and application of those, which
might one day lead to a promising future for advanced customizable and low-cost

next-generation devices based on NCRs and NCLs.
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