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Abstract

Abstract

By approaching the end of Moore’s law, many efforts have been undertaken for
semiconductor technology to keep its progress pace. Finding new materials to be employed
instead of the conventional materials or finding new paradigms for data processing are among
them. In order to contribute to these efforts, I investigated the electrical properties of lead
sulphide nanocrystals.

Lead sulphide is a small bandgap material with many promising properties and applications.
This material could be synthesized recently in the form of 2D nanosheets which are laterally
large enough to be individually contacted. These nanosheets have been already used as field-
effect transistors (FETs) and solar cells.

In order to employ this material for future electronics, its transistor behavior had to be
improved. As the first step, the lateral size of the nanosheets has been optimized. By reducing
the width of the crystal, which is equivalent to the reduction of the transistors’ active channel,
the functionality of the devices has been boosted. This became possible by employing quasi-
1D stripes instead of the normal squared nanosheets. This modification has improved the
on/off ratio by a few orders of magnitude.

The other important aspect is the possible imperfections of the crystal, which could hinder its
high performance when it is used as a functional device. One of the critical imperfections in
colloidal crystals could be their surface which normally contains trap states, originating from
dangling bonds. To address this problem, the capability of different halogenoalkanes has been
investigated to passivate the surface of the PbS nanosheets. Electrical measurements have
shown that CI" ions, which are provided by the decomposition of chloroalkanes, are able to
effectively passivate these traps. The conductivity, field-effect mobility and on/off ratio of the
sheets were significantly higher, when a Cl-containing coligand had been used to synthesize
them, in addition to oleic acid as the main ligand (hybrid surface passivation). The
passivation effect has been further signified by increasing the amount of the used coligand.
The existence of Cl” ions on the surface of the high performance nanosheets has been
confirmed with X-ray photoelectron spectroscopy.

Further, the contact metal and the working environment have remarkable effects on the FET
behavior of the sheets. Carefully adjusting the aforementioned parameters made it possible to
realize high performance n-type FETs based on PbS. For this purpose, narrow stripes with a
fully Cl-passivated surface have been contacted with Ti, as a proper contact metal for n-type

materials, and the obtained devices have been characterized in vacuum. The outcome of this



Abstract

experiment was a FET with record on/off ratio and field-effect mobility among other
colloidal materials. To convert the devices to p-type, Au contacts have been employed and air
has been introduced to the crystal.

The applications of the PbS nanosheets can be also expanded beyond conventional
electronics. For this purpose, the spin-orbit coupling of the nanosheets has been investigated
by performing circular photogalvanic measurements in order to probe their potential
application in spintronics. When a material has a strong spin-orbit coupling, its band structure
splits based on the spin orientation of the charge carriers. By illuminating this material with
circularly polarized light, the spin equilibrium of the split bands is broken, resulting in an
asymmetric distribution of the carriers in momentum space. This can be detected as a
helicity-dependent net current while no bias voltage is applied to the material. The amplitude
of this current could be considered as a measure for the strength of the spin-orbit coupling.

In order to see this effect with the PbS nanosheets, their crystalline symmetry has been
broken by applying asymmetric interfaces on top and underneath (SiO; and vacuum) or by
applying a gate electric field. The observed effect, which could be tuned by altering the gate
voltage or by changing the thickness of the crystal, has been also investigated theoretically by
density-functional theory calculations. The obtained insight, which is the first observation of
the spin transport through colloidal materials, has opened new pathways for colloidal
spintronics.

Eventually, to further expand the potential applications of PbS, its properties have been
altered by manipulating the crystal. A certain form of PbS nanowires has been found that
shows metallic behavior, in contrast to the other forms which are all semiconducting. The
reason for that is the presence of the single element Pb rich {111} facets on the surface of
these wires, which makes the crystal metallic. This has been done by synthesizing small
octahedra during the early stages of the synthesis. By the attachment of these octahedra,
zigzag shaped metallic nanowires are produced which have the Pb rich {111} surface facets.
Transport measurements have been employed to prove the metallic character of the wires in
addition to density-functional theory calculations. The ability to tune the electrical properties
of a material only by sculpting its crystal is important since it helps to better optimize many
types of crystalline systems. The results introduce new applications for PbS nanowires such

as flexible interconnects.
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Zusammenfassung

Zusammenfassung

In dieser Arbeit wurden die elektrischen Eigenschaften verschiedener PbS Nanostrukturen
untersucht. Solche Nanostrukturen konnten als aktives Material fiir zukiinftige elektronische
Bauteile oder fiir neue Methoden der Datenverarbeitung (z. B. fiir Spintronik) verwendet
werden.

Im ersten Teil der Arbeit wurden die Nanostrukturen zur Herstellung von
Feldeffekttransistoren (FETs) verwendet. Die laterale Breite des Kristalls wurde verringert,
um die Leistung dieser FETs zu verbessern. Schmale PbS Nanostreifen zeigten dabei ein
besseres Transistorverhalten (On/Off-Verhiltnis und Feldeffektmobilitdt) als breite
Nanoblitter.

Zusitzlich wurden verschiedene Halogenalkane verwendet, um die Oberfldche der
Nanoblitter zu passivieren. Wenn Chlorid-Ionen zu der Synthese hinzugefiigt wurden, waren
die Oberflichendefekte des Kristalls passiviert und die Nanoblitter wiesen ein hoheres
On/Off-Verhiltnis und eine hohere Feldeffektmobilitit auf. Die Existenz von Chlorid-Ionen
wurde auch mit der Rontgenphotoelektronenspektroskopie (XPS) bestitigt. Hochleistungs-n-
Typ-FETs wurden unter Verwendung Chlorid-passivierter schmaler Streifen, die mit Ti
kontaktiert und im Vakuum vermessen wurden, erreicht. Die Leistung dieser Transistoren
entspricht der hochsten, die fiir kolloidale Nanostrukturen beobachtet wurde. Durch
Anderung des Kontaktmetalls zu Au zeigten die Nanoblitter unter Luftatmosphére ein p-Typ-
Verhalten.

Im zweiten Teil der Arbeit wurden die Nanoblitter fiir Anwendungen jenseits herkdmmlicher
Elektronik untersucht. Zu diesem Zweck wurde die Rashba Spin-Bahn-Kopplung der
Nanoblitter durch die zirkular photogalvanische Messungen untersucht, um ihre mogliche
Anwendung in der Spintronik zu erforschen. Die Symmetrie des Kristalls wurde durch die
asymmetrischen Grenzfldchen oben und unten (SiO; und Vakuum) oder durch den Einfluss
eines dufleren elektrischen Feldes aufgebrochen. Durch die Beleuchtung mit zirkular-
polarisiertem Licht war es moglich, elektrische Ladungen in Nanoblittern auszurichten und
in elektrischen Strom umzuwandeln ohne, dass eine Spannung angelegt werden musste.
Durch die Variation der Schichtdicke der Nanoblitter, der Polarisation des verwendeten
Lichtes und der Intensitit der elektrischen Felder lie sich der Effekt kontrollieren. Die
experimentellen Beobachtungen wurden mit Simulationen der elektronischen Struktur der
Materialien unterstiitzt. Dies ist die erste Beobachtung des Spintransports in kolloidalen

Materialien.
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Zusammenfassung

Im letzten Teil wurde eine bestimmte Form von PbS-Nanodrihten untersucht, die metallisch
ist. Diese Drihte bestanden aus Oktaedern, dessen Oberfliche durch {111} —Facetten
gebildet wurde und aus Pb-Atomen bestand. Wegen dieser Pb-reichen Oberfliche waren
diese Drihte metallisch. Transportmessungen und DFT-Berechnungen wurden verwendet,
um den metallischen Charakter der Drihte zu erklidren. Diese Ergebnisse fithren zu neuen

Anwendungen fiir PbS, z. B. zu flexiblen Verbindungen.
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Introduction

1-1 Electronics: From Past to Future

Since 1970, improvements of the electronics industry have been mainly based on the
miniaturization of electronic components in integrated circuits (ICs). According to Moore’s
law, the 1965 prediction of the Intel co-founder Gordon Moore, the number of the
manufactured transistors on a chip would be doubled every 18 months, boosting the
performance of electronic devices'™. This strategy had been successfully employed for more
than 4 decades, until it started to be hindered by technological and phenomenological
problems3’4. Difficulties in the heat dissipation of the circuits which have extremely high
densities of nano-sized transistors, unreliabilities arising from quantum uncertainties (in sub-
nanometer regimes)5’6, and the unreasonably high price of the instrumentation required for

"® made the Moore’s law deviate from its original

the fabrication of ultra-small devices
roadway.

In order to address this issue, several ideas have been suggested and investigated. One
possibility is to keep the current computing techniques and the current materials (mainly
silicon), and improve the performance by forming 3D structures, instead of limiting the
circuits to flat chips. This method has been employed intensively, especially for low energy
applications such as memories’ ',

In parallel, many research groups try to replace silicon by other materials to fabricate new
electronic components. The emergence of carbon nanotubes and graphene as 1D and 2D
semiconductors attracted huge attention to low dimensional materials, introducing them as
promising alternatives for the current electronic materials. This field has been further
developed by using other 2D materials such as transition metal dichalcogenides (TMDs). Due
to quantum confinement, these materials exhibit novel physical properties which might help
to overcome the limitations of the conventional systemss’lz’13 .

Eventually, harnessing new logic paradigms has been suggested, as an ultimate solution to
revolutionize the computing. Examples of such methods are quantum computing and
neuromorphic computing”'*'*"®. In quantum computers, all the calculations are performed
based on quantum mechanical phenomena (for example the propagation of the carriers’ spin
direction); instead of classical ones (e.g. motion of electrons). This leads to significant
improvements of the calculation speed, functionality, and efficiency of the devices'*'*'. In
the neuromorphic computation, large scale analog/digital circuits are employed to mimic
neuro-biological architectures present in the nervous systemlS’”’lS. Although concepts like

quantum computing and neuromorphic computing promise substantial advantages over the
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existing systems, so far their functionality has not been able to go beyond the laboratory

level’.

1-1-1 The emergence of two-dimensional semiconductors

As mentioned before, the development of 2D semiconductors introduced new solutions for
the future of semiconductor technology. These nanomaterials are important in two aspects:
First, they can improve the performance of the conventional transistors due to their superior
properties which originate from their low dimensionality19’20. Second, their novel physical
properties result in new degrees of freedom which can be used as new logic paradigms. For
instance, manipulating the spin degree of freedom (SDoF) and the valley (local extrema on
the valence/conduction band with equal energy levels) degree of freedom have been
introduced for modern computing®' .

Graphene was the first investigated material in the field of 2D electronics, a single layer of
hexagonally arranged carbon atoms which shows extraordinary properties, including high

carrier mobility and significant mechanical stability24'26.

Unfortunately, field-effect
transistors (FETs) based on graphene did not represent acceptable gating effects due to its
zero bandgap. A possible solution for this problem was cutting the graphene flakes to narrow
ribbons, which led however, to the reduction of the mobility26'28. The other possibility was
using other 2D materials instead of graphene. For instance, MoS; and other TMDs have been
investigated intensively. They showed to have high carrier mobilities (still lower than
graphene) and at the same time, very effective gateabilities due to their sizeable bandgap29’31.
Their band structure normally contains several valleys. Since the number/spin of the carriers
in each valley can be externally controlled, these materials are also considered for
spintronics/valleytronics®> "

Different kinds of 2D materials are conventionally produced either by means of expensive
instrumentations, like chemical-vapor deposition (CVD) and molecular-beam epitaxy (MBE)
machines, or with very low output methods like mechanical exfoliation®>~®. Although they
have shown remarkable properties, producing them with cost-effective methods and in
industry compatible scales has remained difficult. Establishing new methods to reduce their

production costs seems to be critical.
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1-2 Colloidal synthesis of nanocrystals

One of the promising methods to produce different nanomaterials is the colloidal approach.
This method has distinct advantages which make it superior to other techniques. It is very
cost effective, since it requires no expensive instrumentations (as it will be discussed later)®”
¥ The crystal quality of its products is very high’*’. It represents a great degree of
flexibility, since the products can be tuned in terms of size, shape, and properties simply by
altering the synthesis conditions***'. Eventually, it can be used to produce high amounts of
nanomaterials, which makes it suitable for industrial applications40. Colloidal nanomaterials
can be stored in different media as suspensions, and handled with simple methods like drop
casting, spin coating, or ink-jet printing for device preparation”’3 5

In a colloidal synthesis, the reactants must be dissolved in the proper solvents and mixed
while the temperature is accurately controlled. The reaction temperature must be high enough
to promote the decomposition of the reactants (precursors) and the production of the
monomers (nucleation), but low enough to stimulate the growth of the formed nuclei by
limiting the nucleation. By injecting the reactants into the reaction mixture, the concentration
of the precursors raises above the nucleation threshold. At this step, in which the complex is
supersaturated, the nucleation starts and small nanocrystals (NCs) are formed. The formation
of these nuclei reduces the concentration of the precursors, and brings it to a level lower than
the nucleation threshold. As a result, the formation of new nuclei stops and the remaining
precursors are used to grow the previously formed nuclei. Eventually, the precursors’
concentration approaches a constant value and the grown NCs become stable. This scheme is
graphically illustrated by the La Mer plot, shown in Fig. 1**,

At the end of the growth phase, the NCs should be stabilized. Otherwise, they agglomerate
and only macroscopic materials are obtained. This can be done by ligands, organic or
inorganic molecules (like oleic acid or chloride) which are attached to the surface of the NCs
through covalent, dative, or ionic bonds and passivate it. Figure 2 schematically illustrates
that how the ligands cover the surface of the NCs to keep them away from each other and to
prevent the agglomeration. In addition, these capping agents control the nucleation and
growth by adjusting the reactivity of the precursors, modify the growth by passivating crystal

facets, stabilize the NCs in the solution, and passivate their electronic surface states®’*,
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Monodisperse Colloid Growth (La Mer)

Nucleation
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Figure 1. Nucleation and growth of the nanocrystals in a typical colloidal synthesis. The
concentration of the precursors increases to higher than the nucleation threshold after the injection and
decreases again after the formation of nuclei. It approaches a constant value at the end of the synthesis

after the growth phase. The figure was adopted from*.

ligands

nanocrystals

Figure 2. Nanocrystals (shown as red spheres) capped with ligands (wavy black lines). These ligands
prevent the agglomeration by keeping the nanocrystals away from each other. The figure was adopted

3
from™®.

1-2-1 Oriented attachment and synthesis of colloidal 1D or 2D materials
The growth mechanism of colloidal NCs is not limited to the previously mentioned one. It

has been observed that the formed NCs can also attach to each other before the stabilization
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phase. The controlled attachment of NCs (oriented attachment) can be employed to make
complex structures**. The main driving force for this phenomenon is the energy difference
between the NCs’ surface facets. This mechanism includes the rotation of the NCs, such that
their high energy surface facets are aligned, and then they attach to each other to minimize
the surface energy of the system45.

The formation of PbS nanosheets (a narrow bandgap semiconductor [bandgap: 0.41 eV] with
a rock-salt crystal structure, with interesting properties such as a rather large Bohr exciton

radius of 18 nm*’

or the possibility of carrier multiplication48, and with promising
applications such as FETs" or solar cells™) is an example of oriented attachment, which
further clarifies this type of growth mechanism. During the synthesis, first small truncated
cubes are formed. They contain 6 {100}, 8 {111}, and 12 {110} facets, while the {110}
facets show the highest reactivity compared to the other ones (Fig. 3 - section 1). This
difference in the reactivity aligns the cubes through the highly reactive {110} facets. Then,
the aligned NCs attach to each other and form bigger structures like nanosheets. Figure 3
schematically shows the alignment of the NCs and the formation of a nanosheet from these
cubes.

At this point of the synthesis, ligands play a crucial role. When the properly aligned NCs are
attached to each other, oleic acid, the used ligand for this synthesis, passivates the {100}
facets since these facets are the most favorable ones for oleic acid to be adsorbed to. In this
condition, passivating the {100} facets, which are the top and bottom parts of the formed
structure, stops the growth in the third dimension (height of the sheet). Therefore, the
structure only grows laterally by the attachment of the NCs, which results in the formation of
a 2D crystal’'.

Such nanosheets grow in the (110) direction, and as mentioned, their top and bottom surfaces
are the {100} facet™' 2. By changing the amount of the main ligand (oleic acid) in the
synthesis, which modifies the stability of the top and bottom surfaces, the thickness of the
sheets can be tuned between 2 to 20 nm. The lateral size of the sheets is normally higher than
2 pm52. By adding relatively high amounts of chloroalkane to the synthesis, which normally
acts as a second ligand, the stabilization of the NCs becomes more effective. Therefore, the
structures grow mainly in one direction. The products of this synthesis are quasi 1D stripes
with the length of around 5 pm and the width of less than 100 nm>”. Figure 4 shows examples

of the sheets and the stripes, produced with the above mentioned methods. It has been

recently shown that even other halogenoalkanes can be employed to synthesize PbS
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nanosheets. Most of the employed halogenoalkanes had similar influences on the shape and

the size of the productsS4.

(111)

(100) (110)

Figure 3. Formation of PbS nanosheets by the oriented attachment. First the truncated cubes are
produced (step 1). Then, they align (step 2) and attach to each other through the highly reactive {110}

facets and form the sheets (step 3). The figure was adopted from’'.

S Mm _ S5 um
I ——— |

Figure 4. Transmission-electron microscope (TEM) images of the PbS nanosheets (left) and stripes
(right), made by the oriented attachment. The thickness of the nanosheets is tuned between 2 to 20 nm

by changing the amount of the main ligand (oleic acid), while increasing the amount of the coligand

(chloroalkane) promotes the quasi-one dimensional growth™*. The figures were adopted from™.
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There are other examples of oriented attachment, leading to the formation of other shapes. By
adjusting the reaction conditions, it is possible to convert the truncated cubes, which are
formed in the beginning of the synthesis, into octahedra. As can be seen schematically in Fig.
Sa and in the high resolution transmission-electron microscope (HRTEM) images in Fig. 5b,
these octahedra attach to each other through the {100} facets and make a special form of

wires with a zigzag shape (Fig. 5c). The length of these wires can reach to 15 pum. Their

growth direction is (100) while their surface facets are {111}, similar to the surface of their
55-57

octahedral building blocks

Figure 5. Attachment of octahedra and formation of zigzag wires. (a) At the beginning of the
synthesis, the truncated cubes are transformed into octahedra, which attach to each other through the
{100} facets and form a wire in this direction. The figure was adopted from>*°. (b) HRTEM images
of the oriented attachment of octahedra, explained in part a. Adopted from™. (c) HRTEM image of the
formed zigzag wire after the attachment. The inset shows the TEM image of the same wire with a

lower magnification. Adopted from.

The especially important point about these wires is that their surface facets (the {111} facets)
include only one element, in contrast to the surface of the normal sheets and wires (the {100}

facets). The arrangement of the Pb and S atoms in different facets can be observed in Fig. 6.
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In the {100} facet and the {110} facet, both elements are present with different arrangements.

However, the {111} facet is a single element facet (either with Pb or Sy,

{100}

® PhL2+
@® S*

{110}

Figure 6. Arrangement of atoms in different facets of the PbS crystal. It is like a chess board in the

{100} facet. In the {110} facet, both elements are present in rows. In contrast, the {111} facet

contains only one element. The figure was made by the author.

1-3 Electronic properties of nanomaterials

As already discussed, there are several motivations for employing semiconducting
nanomaterials. In the following section, more details about the fundamental properties of

nanomaterials will be provided and the benefits of low dimensionality will be discussed.

1-3-1 Electronic band structure
If an isolated atom is considered, its electrons would have discrete energy levels around the

nucleus. These energy levels for a hydrogen atom can be calculated based on the Bohr model

by Eq. 1:

Ey = —myq*/8e2h*n? (1)

Here, my is the free electron mass, ¢ is the unit electronic charge, & is the permittivity of
vacuum, h is the Planck constant, and n is a positive integer representing the quantum
number. By taking the principal quantum number into account, every energy level would be a

doubly degenerate level®.
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In this condition, if a similar atom comes closer to this atom, every doubly degenerate energy
level will spilt to two levels as a result of the interactions between the atoms (attraction and
repulsion forces). Similarly, if N atoms approach each other, the interactions between the
orbitals become more pronounced and therefore, the energy levels split to N closely spaced
levels. When N is large enough, these splitted levels form an energy band®. This effect is

schematically shown in Fig. 7.

Electron energy

Interatomic distance ——

Figure 7. Splitting of the energy levels when N atoms approach each other. Here a represents the

equilibrium interatomic distance of the crystal. The figure was adopted from®.

If the system contains more complex atoms, silicon atoms instead of hydrogen for instance,
the band splitting would be different. By reducing the distance between the silicon atoms,
there would be interactions and overlaps of the 3s and 3p subshells. As can be seen in Fig. 8§,
at the equilibrium interatomic distance, the formed bands split and each splitted band would
have 4N states. When there is no thermal excitation (at 0 K), electrons occupy all the states in
the lower band (which is called the valence band), whereas the states in the upper band (the
conduction band) remain empty. Here, the important parameter is the energy difference
between the bottom of the upper band and the top of the lower band. This energy range
contains no states and therefore, it is called the forbidden energy gap or the bandgap. This

parameter is equal to the required energy to free an electron in the conduction band®.

10
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Electron
energy
4 N states
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Figure 8. Splitting of the energy bands by reducing the interatomic distances in a silicon crystal. At
the equilibrium interatomic distance, the energy difference between the lower band and the upper

band is called the bandgap. The figure was adopted from®.

The energy of an electron in the conduction band is calculated by Eq. 2:

E= 2)

In this equation, P is the momentum and m, is the effective mass (also can be shown as m*)
of the electron, which differs from the real electron mass due to the periodic potential of the
nuclei in the crystal. A similar equation can be also derived for the holes (the remaining
empty states when electrons are excited to the conduction band). These two equations can be
employed to plot the simplified band structure of a material (a direct semiconductor), as
shown in Fig. 9%

For many materials like silicon, the energy-momentum relationship is more complex. For
these materials (indirect semiconductors), the maximum of the valence band and the

minimum of the conduction band do not occur at a same momentum. Therefore, an electron
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Figure 9. Simplified band diagram of a material based on the effective mass of electrons and holes.

The figure was adopted from™.

which is excited from the valence band top to the conduction band bottom should gain
momentum in addition to energy. For silicon, as shown in Fig. 10, the minimum of the

conduction band occurs along the (100) direction while the maximum of the valence band is
at P =0,

Conduction
Si band

Energy (eV)
T

-1

Valence
hand

0

111 100]  Pe

Momentum p

Figure 10. Band diagram of silicon as an indirect semiconductor. The minimum of the conduction

band occurs along the (100) direction and the maximum of the valence band is at P = 0. The figure

was adopted from®.
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For a material like PbS, both extrema occur along a certain direction (the (111) direction) and
not at P = 0. Therefore, it is also considered as a direct semiconductor®. The band structure

of PbS is shown in Fig. 11.
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Figure 11. Band diagram of PbS. As a direct semiconductor, the bandgap occurs along the (111)

direction (corresponding to the L point) and not at P = 0 (the A point). The figure was adopted from®'.

The other important parameter which can be derived to describe the electronic properties of a
material is the density of states (DOS). The DOS represents the distribution of the available
quantum states which can be filled by an electron (based on the Pauli exclusion principle,
only one electron can occupy a quantum state). The DOS can be employed to calculate the
concentration of the available carriers for the transport, or eventually, the conductivity of the

162

material”~. The DOS for the conduction band is calculated by Eq. 3.

ny 2mp (E—E¢
ge(E) = TZEnl R0 3)

In this equation, E. is the bottom of the conduction band, and 4 = h/2m. A similar equation
is also valid for the valence band. By using these equations, one can plot the DOS for
different energy levels. As can be observed in Fig. 12, the DOS is zero in the bandgap and
also at E. or Ey. It increases as the square root of the energy, for the energies higher than E; or

lower than E,%.
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Figure 12. Density of states for different energy levels. It is zero in the bandgap and increases as the

square root of the energy in the conduction band or the valence band. The figure was adopted from®.

The probability of occupying a state with the energy of E can be derived by the Fermi-Dirac

distribution function, represented in Eq. 4.

1
F(E) = —mmnmr )

Here, k is the Boltzmann constant, T is the temperature, and Ef is the energy of the Fermi
level, at which the probability of the occupation by an electron is exactly one-half. The
combination of the DOS and the Fermi-Dirac distribution is employed to obtain the carrier

- 60
concentration .

1-3-2 The size effect on electronic properties

In bulk materials, free carriers can move freely in the entire crystal (as a quasi-infinite
platform for the transport). By reducing the size of the crystal, carriers are confined in certain
directions and therefore, electronic properties are altered. The quantum confinement occurs in
three dimensions for OD nanoparticles, in two dimensions for 1D nanowires, or just in one
dimension for 2D nanosheets. By decreasing the size of the confined dimensions or by
increasing the number of the confined dimensions, the deviation from the properties of the
bulk material becomes more pronounced.

First of all, the bandgap of the material increases by intensifying the quantum confinement.
This can be clearly observed, for instance, by reducing the size of CdSe nanoparticles. The

emission of this material which is normally red, can be tuned continuously to blue by
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decreasing the size of the particles and thus, increasing their bandgap®'. The shift in the

emission of CdSe nanoparticles (passivated with a ZnS shell) is shown in Fig. 13.

Figure 13. Continuously shifting the emission of CdSe nanoparticles (passivated with a ZnS shell)
from red to blue by reducing the size of the particles and increasing the bandgap. The figure was

adopted from®.

Confining the crystal also modifies its DOS. By considering Eq. 5, it is possible to estimate
the DOS based on the dimensionality of the crystal.

D
2

g(E) =E="" (5)

Here, D shows the dimensionality of the crystal. Based on this equation, the DOS is derived
for different forms of a crystal as it is shown in Fig. 14. In 3D crystals (bulk), the DOS
increases smoothly by increasing the energy. In nanosheets or other forms of 2D materials, it
increases like a staircase. The DOS of 1D materials (nanowires) has a saw-tooth form.

Eventually, the DOS of 0D nanoparticles is a 8-function of the energy*'.
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Figure 14. The density of states for different forms of a crystal. It changes from a smooth function of
the energy in 3D materials to a discrete d-function for OD nanoparticles. The figure was adopted

41
from™ .

1-3-3 Electrical transport through nanomaterials

In general, the charge transport (movement of carriers) in a material occurs as a consequence
of a gradient in the Fermi level. These movements can be the carriers’ drift (due to an electric
field) or their diffusion (because of their concentration gradien‘[)65 . Under an electric field,

electrons accelerate according to Eq. 6.
—m o gk _
F=m'—=h_—=—ekE (6)

Where m* is the effective mass, v is the velocity of electrons, k is the momentum, ¢ is the
time, e is the electron charge, and E is the electric field. Without considering the ballistic
regime (transport without scattering), the maximum drift velocity (given by Eq. 7) depends
on the relaxation time 7, which sums up all the scattering events (impurities, phonons, and
defects). The relaxation time () is the required time for carriers to travel as long as the mean-

free path ().

v=-— 7
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Therefore, the current density is (Eq. 8):

ne?Et _

j=nqv = oE ®)

m*

In this equation, 7 is the number of the carriers and o is the conductivity. By rewriting Eq. 8,

the conductivity relaxation-time approximation is derived (Eq. 9).

o=1= 9)

In this equation, o and p are respectively the conductivity and the specific resistivity. The
mobility of the carriers which is defined by Eq. 10 can be also employed to calculate the

conductivity (Eq. 11).

(10)

m<

‘u_=
o = qny (1)

These equations are valid for both carriers’ types and only for the low-field regime, in which
the velocity is proportional to the electric field®.
The mobility is consequently calculated according to the relaxation-time approximation (Eq.

12).

w=- (12)

m

Although the conductivity of metals is generally higher than semiconductors, the mobility of
semiconductors can be much higher“.

By reducing the dimensionality of the crystal, several phenomena modify the transport,
including the surface scattering, the quantized and ballistic conduction, Coulomb charging
and tunneling, and widening and discrete of the bandgap. Further, the conductivity can be
affected by the increased perfection of the nanoscale crystals, for instance by the reduction of
impurities, structural defects and dislocations®.

In bulk semiconductors, the mean-free path which determines the conductivity is in the range

of tens to hundreds of nanometers. When the size of the crystal is reduced to lower than this
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range, the role of surface scattering becomes more important than other types of scattering
(defects or phonon scattering). In this condition, the motion of electrons is interrupted by
their collision to the surface of the crystal. If electrons experience elastic scattering, their
energy and their momentum along the direction of the motion are preserved. Therefore, the
conductivity of the crystal remains similar to the bulk material. In contrast, inelastic
scattering terminates the mean-free path of electrons. After the collision, they lose their
velocity along the conduction direction, since the electrons’ scattering angle is random, and
therefore, the conductivity decreases®. For a crystal with the thickness smaller than the
mean-free path (for example a nanosheet), the Thompson model is employed to calculate the

resistivity (or conductivity), which is given in Eq. 13.

Po_ d (R 43
pr 24 (ln(d) +2) (13)

In this equation, py is the resistivity of the bulk material, p;is the resistivity of the film, Ay is
the mean-free path of the bulk material, and d is the thickness of the film. In this model, all
the surface scattering events are assumed to be inelastic scattering. In order to consider the
elastic scattering events, the Fuchs-Sondheimer (F-S) theory can be employed to derive a

more accurate relation (Eq. 14).

Po __ ﬂ ﬁ
b= - (1 +2P)(in (%) + 0.423) (14)

Here, P shows the fraction of elastic surface scattering. Surface impurities and roughness
increase the possibility of inelastic scatteringﬁﬁ.

Reducing the dimensionality of the crystal alters the conductivity also by increasing its
bandgap. It has been observed that this effect increases the resistivity of the material. Even in
extreme cases, transitions from the metallic to semiconducting or from the semiconducting to
insulating state have been observed®®.

The transport through the systems with higher degrees of confinement (OD nanoparticles)
normally experiences more size related modifications. The ballistic conduction occurs when
the conduction length is smaller than the mean-free path, and electrons travel without being
scattered. Therefore, the phenomena which are dependent to the coherence of the transport
can be exploited. Further, the Coulomb blockade is observed when the capacitance of the

crystal is so small that a big amount of energy is required to add one electron to the system.
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Therefore, the system would have discrete charging energies. The availability of such discrete
charging energies or the so called Coulomb staircase makes it possible to realize the concept
of single-electron transistors based on the nanoparticles with the diameter of less than 2-3
nm, and by adding a gate electrode to the system. Eventually, the tunneling conduction is the
other effect which plays a crucial role in the conductivity of low dimensional materials.
When two conductors, separated by a dielectric layer, are very close to each other, their
electron wave functions overlap inside the dielectric layer. As a result, charges can flow
through the dielectric layer when an electric field is present. The conductivity of the dielectric
layer decreases exponentially by increasing its thickness (the distance between the

66
conductors) ™.

1-3-4 Semiconductors in contact with metals

In ideal cases and without considering the surface states, there will be a charge flow form an
n-type semiconductor to a high work-function metal when they get in contact with each other.
In this condition, the Fermi level of the semiconductor must be lowered in order to line up
with the work function of the metal. Therefore, the bending of the semiconductor Fermi level
would be equal to the difference in the work function of the metal and the semiconductor®’.
This bending results in the formation of a potential barrier for electrons. The height of this
barrier (q®sy0) is equal to the difference between the metal work-function (¢@,) and the
electron affinity (¢gX) of the semiconductor (Eq. 15). Similarly, Eq. 16 is used to calculate the

barrier height for a p-type material.

qPsno = 4(Om — X) (15)
q(DBpO = Eg —q(Dm —X) (16)

The sum of these two barriers is equal to the bandgap of the semiconductor (E g)67. The metal-
semiconductor contact and the formation of the potential barrier are schematically shown in
Fig. 15.

In practice, the height of the metal-semiconductor potential barrier varies significantly from
the theoretical expectations due to the surface contaminations, the unavoidable interface

layer, and the surface states?’.
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Figure 15. The band alignment of a semiconductor in contact with a metal. A potential barrier is
formed since the Fermi level of the semiconductor should line up with the work-function of the metal.

The figure was adopted from®’.

After the band alignment at the metal-semiconductor junction, the charge transport can occur
in five different ways. As can be observed in Fig. 16, one possibility for electrons is to
overcome the potential barrier and move from the semiconductor to the metal over the barrier
(1). This type of transport which is called the thermionic transport can only happen when
electrons have the required energy to climb the potential barrier at the junction. The transport
from high mobility semiconductors (Si or GaAs) to metals is normally thermionic. The other
way of transport is quantum mechanical tunneling through the barrier (2). This is normally
the case for heavily doped semiconductors and helps to establish Ohmic contacts (will be
discussed later). By increasing the doping level of the semiconductor, the width of the
potential barrier becomes smaller and therefore, electrons would be able to tunnel through it
more easily. Alternatively, electrons can recombine with the holes which are provided from
the metal side (3). Electrons can also diffuse into the depletion region, which is the area under
the potential barrier (4). Eventually, holes as minority carriers can be injected from the metal
to the semiconductor and diffuse there (5). In order to achieve the transport by the minority
carriers, the system must have an adequate forward bias®”. All of these possibilities are

schematically depicted in Fig. 16.
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o -

Figure 16. The possible mechanisms for the charge transport between an n-type semiconductor and a
metal. (1) Thermionic emission, (2) tunneling, (3) recombination, (4) diffusion, and (5) diffusion of

minority carriers. The figure was adopted from®.

After the formation of the contact between a metal and a semiconductor, it would be an
Ohmic contact when it has a negligible resistance compared to the total resistance of the
device. Such contacts do not significantly perturb the functionality of the device since they
supply a current without any considerable voltage drop. To evaluate the contact resistance,

Eq. 17 can be employed at zero volt bias regime67.
dj—
R, = (E)Vi() (17)

In this equation, J is the current density and V is the bias voltage. In order to investigate the
contact resistance, the transport mechanism of the system must be considered. The transport
mechanism itself depends normally to the Schottky barrier height, the temperature, and the
doping level of the semiconductor. Therefore, these are the important parameters to establish
a low resistance contact. For this purpose, the metal is normally selected accordingly, in order
to make the barrier height as low as possible. Increasing the doping level of the
semiconductor is also helpful, although it might also alter other properties of the system.
Doping is especially beneficial for the wide gap semiconductors, since the work-function of
metals are never low enough to form an Ohmic contact with them. Adding a layer of a small
bandgap material to make a heterojunction is the other possibility to modify the band
alignment and to improve the contact®’. This strategy can be also implemented by employing
graphene or other 2D materials in order to reduce the contact resistance between metals and
semiconductors®®®.

Establishing Ohmic contacts to colloidal materials is more complicated compared to

physically grown semiconductors. Their surface is normally covered with long organic
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ligands, which could dramatically hinder the transport, especially when thin films of
nanoparticles are used instead of individual crystalsm’”. Calculations have revealed that when
a high work-function metal like Au is used to contact PbS nanosheets, the band alignment is
such that an Ohmic contact is established for holes, and a Schottky barrier is formed for
electrons, as it is shown in Fig. 17%.

The band alignment can be modified by changing the work-function of the contact metal. By
decreasing the work-function, the transport of electrons would be improved while the
transport of holes is hindered. For instance with Ti, an Ohmic contact is formed for electrons.
When the work-function of the metal is extremely high, for instance with Pt, the formed
Schottky barrier for electrons becomes very narrow, which promotes the tunneling of
electrons™. The alignment of the PbS bands in contact with different metals is shown in

Fig. 17.
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Figure 17. Band alignment of PbS in contact with different metals. (a) With Ti as a low work-
function metal, an Ohmic contact is formed for electrons. (b) Au and Pd have higher work-functions
compared to Ti. In contact with PbS, they establish Ohmic contacts for holes and Schottky barriers for
electrons. (c¢) With Pt which has a very high work-function, very narrow Schottky barriers are

formed for electrons. The figure was adopted from™.
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As a result of the band alignment, PbS nanosheets show p-type behavior in contact with Au,
due to the formation of Ohmic contacts for holes. At low temperatures, the conductivity of
the sheets decreases and their on/off ratio (the ratio between the on current and the off
current) increases. The field-effect mobility of these nanosheets reaches to 0.417 cm?/Vs at
room temperature while their on/off ratio is 3 and their conductivity is 72.06 mS/cm®. The

FET behavior of theses sheets can be observed in Fig. 18.

Figure 18. Transistor behavior (transfer characteristics) of an individually contacted PbS nanosheet
(with Au). P-type behavior is observed with higher on/off ratios at low temperatures. The figure was

adopted from®.

It should be pointed out that the thickness of the nanosheets plays a crucial role in their
performance as FETs. It has been observed that thinner sheets have lower conductivities but
higher on/off ratios compared to thicker sheets. The reason for that is the increase of the
bandgap by the quantum confinement, which also modifies the band alignment between the
crystal and the contact metal®>. A comparison between the functionality of differently thick

sheets can be observed in Fig. 19.
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Figure 19. The thickness effect on the electrical properties of individually contacted PbS nanosheets.
By reducing the thickness, the conductivity decreases while the on/off ratio increases. The figure was

adopted from™.

1-4 Spintronic properties of nanomaterials

As mentioned in section 1-1, one possibility for the modern data processing is harnessing
new logic paradigms. For example, the spin degree of freedom can be employed instead of
the carriers’ charge72’73 . This method has been commercially used for some years through
magnetic metals and based on the tunnel magnetoresistance (TMR) and giant
magnetoresistance (GMR) effects. As a result, the read head of hard disks can transfer data
by means of the SDoF™*™,

Compared to metals, manipulating the spin could be more complicated in semiconductors.
The most fundamental effect which is used to control the SDoF in semiconductors is the spin-
orbit coupling (SOC)’*"°. When electrons, as charged particles, move in the electric field of
the nucleus, they feel a magnetic field proportional to their velocity and to the amplitude of
the electric field. This magnetic field interacts with the magnetic moment of the electrons.
These interactions are the origin of the SOC. According to the definition of the SOC, it is
more pronounced for heavy atoms (atoms with high atomic numbers). The SOC results in
splitting the atomic levels based on the spin direction of the carriers’®.

Based on this phenomenon, the concept of the spin FET has been proposed, in which spin
polarized charges are injected to a narrow bandgap semiconductor by magnetic contacts and
are controlled by an electric field (since the SOC can be affected by an electric field)””".

Compared to the SFET concept, the more efficient way to establish a non-equilibrium spin

direction in a semiconductor is through the selective interband excitation of carrier. This is
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achieved by the illumination of circularly polarized light, which carries spin. In this
condition, the spin of photons is transferred to the charge carriers in the semiconductor.

By considering the angular momentum of the splitted sub-bands (due to the SOC), the
selection rule for this excitation can be obtained. The angular momentum is equal to £1/2 for
the s orbital (the conduction band, atomic orbital number: 0) and to +1/2 and +3/2 for the p
orbital (the valence band, atomic orbital number: -1, 0, +1). During the excitation, the energy
and the angular momentum must be conserved. In other words, in addition to the energy of
photons, their angular momentum must be transferred to the carriers. As can be seen in Fig.
20, the angular momentum of photons, which is considered to be +1, is added to the initial
angular momentum of the electrons. By tacking the probability of each transition into account
(shown in the circles), it can be observed that the excited carriers would have a net angular

momentum (spin)76.

j=112 +1/2 -1/2
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Figure 20. Possible optical transitions and their probability (shown in the circles) for illumination
with circularly polarized light. When the angular momentum of photons is equal to +1(-1), the excited

carriers would have a net negative (positive) angular momentum. The figure was adopted from®.

In order to exploit the non-equilibrium spin orientation of carriers, the spin relaxation time
should not be very short compared to the recombination time of the carriers, a condition
which is often achievable even at room temperature76.

The symmetry of the crystal plays a critical role for the observation of the SOC. In an
inversion symmetric crystal, the effect of the SOC is compensated in different directions.
Therefore, it would not be externally detectable. The inversion asymmetry, which must be
present to split the bands, can be due to the intrinsic asymmetry of the crystal, the bulk-
inversion asymmetry (BIA). In this case, the Dresselhaus SOC is available. Alternatively, the
symmetry of a crystal can be broken externally, for example by applying a gate electric field,

in order to make a structural-inversion asymmetry (SIA). This type of SOC is called the
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Rashba SOC™®7® " Since the Rashba SOC can be externally tuned, it is of great importance

for spintronicsgl’sz.

1-4-1 Photogalvanic effect

When a net spin is optically injected to a semiconductor, it could be electrically measured
under specific circumstances®™*. As previously mentioned, when a semiconductor is
illuminated with circularly polarized light, some of the interband transitions would be
forbidden. This is schematically depicted in Fig. 21. The valence band and the conduction
band of spin-orbit coupled materials split to two sub-bands, one for the spin up and the other
one for the spin down. It would be equivalent to the angular momentum of +1/2 for the
conduction band and +3/2 for the valence band’®®. When the angular momentum of photons
is +1, the sub-band with the angular momentum of -1/2 is populated (transition from -3/2 to
-1/2) and the other one remains empty (no possible transitions to the +1/2 sub-band). In this
condition, the distribution of the excited electrons in momentum space would not be
symmetric and they would have a net momentum. With a continuous illumination, this net
momentum can be measured externally as a net current which flows without applying any
bias voltage. This effect is called the circular photogalvanic effect (CPGE) and is one of the
straightforward methods to investigate the spin dependent properties, without requiring

magnetic fields’®#*5.
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Figure 21. Circular photogalvanic effect and excitation of electrons with circularly polarized light.
The bands are split according to their spin. Only one of the sub-bands can be populated, resulting in

an asymmetric distribution of carriers in momentum space. The figure was adopted from®’.
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In order to distinguish the spin current, produced by the SOC, from other kinds of
photocurrent, the helicity of polarized light can be modulated. By changing the polarization
from linear to circular, the CPGE current must change from zero to a maximum, while
changing the polarization from left handed circular to right handed circular must reverse the
direction of the current. To modulate the polarization of light a quarter-wave plate can be
employed. Starting from 0° to higher angles, the quarter wave plate changes the polarization
from linear (0°) to circular (45°), back to linear (90°), to circular but with the opposite
handedness (135°), and again back to linear (180")83 BT.88

During this experiment, two other types of photocurrent can be also detected. A background
current is always generated, which is independent of the angle of the quarter wave plate and
is caused by the photovoltaic effect. Further, a current is produced by the linear
photogalvanic effect (LPGE). As a result of asymmetric scattering of carriers in different
directions, a current is generated which is dependent to the angle of the quarter wave plate
but not to the helicity. The oscillation period of the LPGE current is 7/2, while the period of
the main effect (CPGE) is ©****’. The photocurrent, which is experimentally measured, is
the superposition of these three effects (the background current, the LPGE, and the CPGE).

This can be mathematically expressed as Eq. 18.

Jtotal = Jo + JLpGE SIN 20 COS 290 + Jcpgp Sin2¢ (18)

In this equation, ¢ is the angle of the quarter wave plate. This equation can be used to fit the
results of the photocurrent measurements. The obtained amplitude for the CPGE current
shows the strength of the Rashba or Dresselhaus SOCH8488,

This effect has been experimentally observed with different semiconductors. For instance,
Fig. 22 shows the CPGE measurements on CdSe nanowires. The measured photocurrent
(black dots) is fitted with Eq.18 in order to calculate the contribution of each effect. As can
be seen, a CPGE current (the blue plot) is generated by the illumination of circularly
polarized light on the spin-orbit coupled material. The LPGE and the background current are

also observable as expected®”.
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Figure 22. Experimental observation of the CPGE on CdSe nanowires. By fitting the photocurrent,
the contribution of each effect is calculated. The non-zero CPGE current shows the SOC of the

material. The figure was adopted from™.
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Motivation

In order to find promising solutions for the post-Moore era, two general goals have been
followed in this work: 1) Introducing colloidal PbS nanosheets as new candidates for future
electronics. For this purpose, the nanosheets are employed instead of silicon to make
conventional transistors. 2) Suggesting these nanosheets as platforms for new concepts of
data processing like spintronics.

Colloidally synthesized PbS nanosheets carry the promise of many interesting properties. As
one of the first approaches, they have been employed as field-effect transistors. However,
their performance has stayed far behind, compared to other 2D and layered materials or
compared to the acceptable levels for industrial applications. Thus, one task would be to find
any possible reasons which hinder the performance of these sheets as FETs and to find the
most effective solutions to address them. The design of the PbS based FETs had to be
optimized in order to improve their functionality.

In addition, other novel properties of these nanosheets had to be exploited. Their potential
application in spintronics was one of the interesting topics which had to be investigated. For
this purpose, a suitable test strategy had to be developed (the lateral size and the thickness of
the used nanosheets or the measurement setup). Understanding the origin of the possible spin
dependent properties was of great importance.

Eventually, the effect of the crystal structure on electrical properties of the sheets had to be
probed. Tuning the electrical properties only by sculpting the crystal was an important
method which could be employed to simply modify the NCs according to the target
applications.

All of these steps would help to overcome the limitations of classical semiconductors, either
by directly using PbS as the active material or by employing the obtained insights to optimize

other similar systems.
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Results and Discussion

In this chapter, the achieved results during my doctoral studies are presented in the form of
scientific articles published in peer-reviewed journals. This project has been mainly
conducted by using different forms of PbS nanostructures, specifically nanosheets. These
nanosheets have been introduced in the work of Schliehe ez al., which describes the synthesis
of laterally large PbS nanosheets through the oriented attachment’. They have been used
later as field-effect transistors™.

Here, to improve the FET properties of these nanosheets, many parameters have been
modified. Firstly, by the hybrid passivation of the surface defects, huge improvements have
been observed. Further, the design of the FETs (the contact metal or the crystal shape) has
been optimized to realize high performance devices. This would be the first part of the project
according to the previously mentioned scope (introducing a new electronic material).

To address the second target (harvesting new logic paradigms), a totally different approach
has been employed. To investigate the spin dependent properties of the nanosheets, the spin
polarization has been optically injected to the system and the reaction of the crystal has been
electrically probed. This was the first observation of spin dependent transport phenomena
through colloidal materials.

Eventually, to further understand the transport through PbS and to expand its potential
application, the electrical properties of differently grown crystals (compared to the normal
sheets) have been investigated in terms of conductivity, photoconductivity, and temperature
dependency. The outcome of these measurements would be a complementary support to the

previous studies of the system.

3-1 Reducing the width of the FET channel

The first step to optimize the FET behavior of the nanosheets is to adjust the lateral
dimensions of the crystal which acts as the active channel of the FET. It has been already
shown that by reducing the thickness of the sheets, which amplifies the confinement of the
crystal, it is possible to increase the bandgap and thus, increase the on/off ratio of the
achieved FETs, although the conductivity decreases’>.

During the synthesis of PbS NCs, one possibility to tune their size/shape is to vary the
amount of the introduced chloroalkane. It has been observed that by increasing the amount of
chloroalkane and due to its effect on the reactivity of different facets, the shape of the NCs is
transformed from 2D sheets to quasi 1D stripes. The width of these stripes stays below 100

nm while they grow more in length (compared to the squared sheets). They are normally up
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to 5 um long. When the amount of chloroalkane in the synthesis is too high, only spherical
nanoparticles are formed™.

Electrical measurements on these stripes show clear improvements compared to the squared
sheets, although the p-type character of the devices (in contact with Au) is preserved. The
formation of Ohmic contacts for holes is responsible for this p-type behavior. By applying a
back gate, they show pronounced gating effects. The on/off ratio of these stripes and their
field-effect mobility are much higher than the previously reported values for the squared
sheets. Confinement of the transport in a 1D channel results in a stronger gate influence on
the conductivity, and therefore, significantly lower currents in the off state. Therefore, a
better gating behavior (higher on/off ratio and higher field-effect mobility) is achieved**>.

This is the first step to optimize the FET behavior of this material.

3-2 Surface passivation

To further improve the functionality of the PbS based FETs, it is crucial to accurately
investigate different components of such devices in order to identify the weaknesses of the
system.

In this respect, the surface of the NCs is very important since it has drastic influences on their
properties”. As mentioned in Section 1-2, organic ligands are normally used during the
synthesis of NCs to passivate their surface. They control the reactivity of different facets in
order to adjust the dimensionality of the crystal. However, they do not completely cover the
whole surface of the crystal. Since they are relatively long molecules, they cannot get very
close to each other. As a result of this periodicity mismatch, some parts of the crystal between
the ligands remain un-passivated. This leads to the formation of dangling bonds on the
surface. These dangling bonds act as trap states and hinder the transport by reducing the
carrier concentration and mobility®>?!?,

In order to address this problem many ideas have been suggested, including the ligand
exchange with shorter molecules or even with single atoms. The more effective alternative
would be the hybrid passivation (using more than one type of ligand)”*®°.

Here, CI" ions have been employed to hybridly passivate the surface of the nanosheets. The
main ligand for the synthesis of these nanosheets is oleic acid, a relatively long organic
molecule. In addition to that, different halogenoalkanes have been added to the synthesis.

These halogenoalkanes decompose during the synthesis and form halide ions, which act as

X-type elemental ligands. These ions penetrate to the organic layer and passivate the dangling
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bonds between them. By passivating the trap states, the FET performance of the nanosheets
would be improved.

By altering the employed halogen and its amount, it has been shown that Cl” ions are much
more effective than F~ ions. Further, by increasing the amount of the halide ion in the
reaction, which is done by increasing the amount of the added halogenoalkane, the
passivation could be improved. As a result of this passivation scheme, n-type FETs were
obtained with significantly higher conductivities, field-effect mobilities, and on/off ratios. X-
ray photoelectron spectroscopy (XPS) measurements have been also used in order to confirm

the origin of the improvements%.

3-3 Device engineering of PbS based FET's

The other important aspect for improving the functionality of the nanosheets is device
engineering. The role of the channel thickness and the contact metal have been already
investigated 2. Moreover, it has been shown in the previous sections that the performance
would be improved by using the stripes instead of the squared sheets or by hybridly
passivating the surface traps. To further investigate the system, the influence of the
atmospheric gases has been probed. It is expected that introducing air to the nanosheets could
alter their transistor properties compared to that in vacuum.

The careful selection of the aforementioned parameters (surface passivator, channel width,
contact metal, and working environment) leads to the realization of high performance FETs.
For this purpose, a high amount of chloroalkane was used to passivate the surface. This also
resulted in the shape transformation from sheets to stripes. Ti was employed as the contact
metal to promote the expected n-type behavior by reducing the contact resistance for
electrons (since Ti has a low work function). Eventually, the sample was kept in vacuum in
order to desorb O, from the surface of the crystal, since O, acts like a p-dopant. The obtained
devices showed an extremely high on/off ratio (4x10°), field-effect mobility (248 cm’V's™),
and conductivity (1916 mS/cm). This level of performance is remarkably higher compared to
any other type of colloidal material and is comparable with TMDs and other similar layered
materials. Here, the field-effect mobility approaches the electron mobility of bulk PbS. The
optimization of the PbS based FETs and the obtained results are schematically summarized in
Fig. 23.

A similar strategy could be employed to convert the devices to p-type FETs. If the stripes are

contacted with Au (as a high work function metal which promotes p-type behavior) and air is
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introduced to their surface (as a p-dopant), they show p-type behavior. Even in the p-type

regime, they exhibit high levels of functionality. However, their n-type character is still
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Figure 23. Improvement of the FET behavior (field-effect mobility and on/off ratio) of the PbS
nanosheets. While F” ions are not attached to the surface, Cl” ions are bound to the surface and
improve the properties by passivating the defects. By reducing the width of the highly passivated
crystals, high performance FETSs could be realized. The figure was adopted from®.

3-4 Colloidal spintronics through the Rashba effect

The next part of this project was devoted to expand the application of the PbS NCs beyond
conventional electronics. Crystals which have heavy elements, such as Pb, show a high spin-
orbit coupling. This property plays a significant role in semiconductor spintronics. Thus,
these nanosheets might have the potential for spintronic applications. Since the nanosheets
are confined in height, the symmetry of their crystal can be easily broken. This would be also
the other advantage of the PbS nanosheets for spintronics.

Based on this motivation, the nanosheets were investigated by performing circular
photogalvanic measurements in order to probe their spin-orbit coupling. For this purpose, the
inversion symmetry of the crystal was broken by applying asymmetric vertical interfaces
(vacuum on top and SiO; underneath), as well as a vertical gate-electric field (Fig. 24a). This
resulted in splitting of the band structure for different spins. In this condition, by exciting spin

polarized carriers by circularly polarized light, a photocurrent was generated. The
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dependency of the detected current to the angle of the quarter-wave plate was in agreement
with the CPGE current. It was maximum when the light polarization was completely circular
and was zero when light was linearly polarized. The direction of this photocurrent was

reversed by reversing the handedness of the light polarization (Fig. 24b).
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Figure 24. CPGE measurements on the PbS nanosheets. (a) The schematic demonstration of the test
setup, required for breaking the symmetry. (b) The oscillation of the CPGE current in different angles

of the quarter wave-plate, equivalent with different helicities. The figures were adopted from”’.

In order to ensure that the origin of the observed CPGE is the Rashba band splitting, different
methods have been employed. First of all, by partially shadowing the devices and by
changing the illumination-incidence angle, it has been shown that the imposed vertical
asymmetry (the interfaces and the gate electric field) is indeed effective to generate the
CPGE. This is a sign for the Rashba type band splitting.

In addition, density-functional theory (DFT) calculations have been used to simulate the band
structure of a PbS nanosheet in the presence of an external electric field. These simulations
showed that the valence and conduction bands split at the M point ((110) direction) when a
vertical gate electric field is applied to the crystal. By calculating the spin character of the
bands, a new selection mechanism for exciting the carriers has been obtained. Based on these
observations, the angular momentum of photons couples equally to the M valley (the bandgap
at the (110 direction)) and the M’ valley. However, it excites only one type of spin. As a
result, the generated current is only spin polarized and not valley polarized.

The effect was tuned in different ways. By changing the gate voltage, the degree of broken
symmetry was changed and therefore, the band splitting was adjusted. In order to exclude any
spin independent effects from the interpretation (for instance altering the contact Schottky

barrier by changing the gate electric voltage), the ratio of the spin current (CPGE) to the total
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photocurrent was calculated. It was observed that the normalized CPGE has a clear
dependency to the gate voltage, as it was expected from the DFT calculations.

Further, by reducing the thickness of the nanosheets, higher degrees of confinement were
achieved and the symmetry was broken more effectively. These measurements confirmed that
the thinner nanosheets show stronger Rashba effects. Also for these measurements, it was
crucial to consider the normalized CPGE, to exclude the irrelevant effects from the
interpretations (e.g. the nanosheets’ size effect on their light absorption capability).

These experiments were the first realization of the spin transport in colloidal materials. The
outcome could combine the idea of spintronics with the advantages of the colloidal synthesis
in order to realize low cost high performance computing components. In addition, the
observation of the Rashba effect in PbS, which has a centrosymmetric crystal structure, is of

great importance, since it helps to better understand different spin-orbit coupled systemsg7.

3-5 Tuning the electrical properties of PbS nanowires

The last part of the project which is a complementary section for the previously discussed
parts is about tuning the electrical properties of PbS nanowires by sculpting the crystal. As
discussed in section 1-2-1, the PbS stripes or sheets are formed through the attachment of
small cubes. The surface of these crystals is the {100} facet, which contains Pb and S atoms.
By altering the combination of the used ligands, the building blocks (cubes) are transformed
to octahedra. The attachment of these octahedra leads to the formation of wire shaped
crystals. The surface of these wires is the {111} facet, containing only Pb atoms.

Electrical measurements of these nanowires suggest that they are metallic. They exhibit
relatively higher conductivities compared to other forms of PbS, they are not gateable, and
they do not show any photo-response. More importantly, by reducing the temperature, their
conductivity increases, which is the typical behavior of metals. DFT calculations are also in
agreement with the experimental observations and show a non-zero DOS for different energy
levels of a PbS crystal, which is cut through the {111} facet. The Pb-rich surface of these
wires forms a metallic conduction path around them which makes the whole structure
metallic.

It is worthy to point out that these metallic nanowires are synthesized together with normal
semiconducting nanowires. By accurately adjusting the synthesis parameters, it is possible to
produce both types, or dominantly one of them. The metallic wires can be distinguished from

the semiconducting ones by their shape. The former have a zigzag shape while the latter have

37



Results and Discussion

a normal straight form. These experiments promote new strategies for tuning the properties of
different crystals as well as new applications for lead sulphide nanostructures such as flexible

electrodes or interconnects.
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3-6 Publications in Peer Reviewed Journals

3-6-1 From Dots to Stripes to Sheets: Shape Control of Lead Sulfide

Nanostructures

The following part is the article which summarizes the results of the measurements about
reducing the channel width by employing the PbS stripes instead of the squared sheets. My
contribution to this project was fabricating the devices based on the PbS stripes, performing
the electrical measurements, and the analysis and interpretation of the results. This is a reprint
from: From Dots to Stripes to Sheets: Shape Control of Lead Sulfide Nanostructures, Thomas
Bielewicz, Mohammad Mehdi Ramin Moayed, Vera Lebedeva, Christian Strelow, Angelique
Rieckmann, and Christian Klinke. Chemistry of Materials, 2015. 27(24): p. 8248-8254%,
Copyright ©2015 American Chemical Society.
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ABSTRACT: Controlling anisotropy in nanostructures is a
challenging but rewarding task because confinement in one or
more dimensions influences the physical and chemical
properties of the items decisively. In particular, semiconduct-
ing nanostructures can be tailored to gain optimized properties
to work as transistors or absorber material in solar cells. We
demonstrate that the shape of colloidal lead sulfide
nanostructures can be tuned from spheres to stripes to sheets

by means of the precursor concentrations, the concentration of

a chloroalkane coligand and the synthesis temperature. All final
structures still possess at least one dimension in confinement.
The structures cover all dimensionalities from 0D to 3D.

| more sulfide in the reaction solution

>

more chloroalkane in the reaction solution |

4

Additionally, the effect of temperature on the shape and thickness of PbS nanosheets is shown and electrical transport

measurements complement the findings.

B INTRODUCTION

By influencing the shape and size of nanocrystals, it is possible
to also influence their chemical and physical properties.'
These depend strongly on the structures’ dimensionality. The
optical and electrical properties of a 0D material (e.g.,, quantum
dots) differ strongly from the ones of a 1D nanomaterial (e.g,,
nanowires). Although the first possess discrete energy levels,*
the latter possess so-called van-Hove singularities in the density
of states.” Nowadays, two-dimensional materials (2D) also gain
attention because of their good conductivity in the plane while
still being tunable in their electronic properties because of
confinement in height.é_13 Colloidal chemistry represents a
promising route to synthesize semiconductor nanomaterials
which are inexpensive and easily processable as thin films for
electronic devices."*™' This method allows for shape control
by changing, for example, the synthesis temperature or ligand
concentration.”*™>*

To obtain anisotropic nanostructures, crystal growth must be
prevented in certain directions, which is well achievable in
PbS,***” despite PbS having a cubic symmetry. To alter the
growth of PbS to obtain different kinds of anisotropic
structures, pressure and temperature can be enough to
transform already grown PbS nanowires to two-dimensional
structures.”® Another convenient way is to introduce a
chloroalkane to a colloidal nanoparticle synthesis, which can
yield a lot of different structures depending on other
parameters in the synthesis.””™>' By confinement in height,
producing two-dimensional sheetlike structures, the effective
band gap can be tuned from the bulk value of 0.41 eV>> up to
values of over 1 eV, whereas charge carriers can still move freely

v ACS Publications  © 2015 American Chemical Society
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in the sheets’ plane. The rather large Bohr exciton radius of PbS
of about 18 nm™ also helps to shift the absorption wavelength
from the bulk value of ~3000 nm to the visible range.** This
makes PbS an interesting semiconductor material for
applications in infrared photodetectors™ and solar cells.**’
Moreover, its capability for carrier multiplication attracted
considerable attention.*>*

In our first findings on two-dimensional PbS via colloidal
synthesis,” the addition of a chloride compound was crucial
because it influenced the kinetics of nucleation and growth in
such a way that ultrasmall PbS particles (<3 nm) merged into
larger sheets by oriented attachment. The driving force of this
attachment is the reduction of the area of highly reactive {110}
facets of the ultrasmall particles. At the same time a vertical
growth is prohibited by a self-assembly of oleic acid on the
{100} facets of the crystals. Later, we showed that through a
variation of the oleic acid concentration the sheets could be
controlled in their thickness and sheets with heights ranging
from 4 up to 20 nm could be synthesized.'® At the same time,
the group of Sun et al. showed that using different
chloroalkanes at different temperatures the thickness could
also be controlled from 2 up to 4.6 nm.*" Here, we show that
the thickness of the sheets is only dependent on the reaction
temperature regardless which chloroalkane is used. We also
show how the shape of PbS nanostructures can be controlled
by changing the molar ratio between the lead precursor and the
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sulfur source, but also by changing the concentration of the
essential chloroalkane coligand. The latter allows tuning the
shape from spherical nanoparticles to stripes and to sheets. It is
astonishing that small changes can lead to a variety of new PbS
structures, in particular elongated PbS stripes with a length of
several tens of micrometers. Nanostripes can be used in further
studies because of their ease of processing. We show that they
possess even better electronic progerties compared to what we
found previously for PbS sheets.*

In syntheses of colloidal chalcogenide nanomaterials the
molar ratio between the precursors usually varies between 1:5
to 5:1.* In our first reported synthesis of ultrathin lead sulfide
nanosheets the ratio between the lead and sulfur source was
already at an unusual high molar ratio of 14:1.*° Basis for the
synthesis is a standard procedure for spherical nanoparticles,
which was then complemented with 1,1,2-trichloroalkane
(TCE) to produce nanosheets. Both approaches contain tri-
n-octyl phosphine (TOP) as a coligand. Recently, we found
that increasing the molar ratio between lead and sulfur to 120:1
makes it possible to obtain nanosheets without any TOP in the
reaction solution (with spherical nanoparticles as byproduct).'®
In studies presented here, we demonstrate that under
appropriate conditions TOP is no longer necessary to produce
large, thin and smooth nanosheets or nanostripes of lead
sulfide. By increasing the molar ratio even beyond 120:1 (Pb:S)
less ligands are needed to control the shape which could be also
interesting for other colloidal syntheses where higher ratios
could also lead to new shapes.

B RESULTS AND DISCUSSION

Sulfide Concentration. Chloroalkanes function as weak
ligands and support the formation of two-dimensional nano-
sheets by oriented attachment. In a previous publication, we
could show that chloroalkanes possess the highest binding
energy on {110} facets of the PbS crystal where lead and sulfur
ions are aligned in rows.'® These facets are also the ones on
which oriented attachment takes place. Due to the adsorption
of the chloroalkanes and displacement of oleic acid (OA) on
these facets, they become richer in energy. Because the binding
of the chloroalkanes is weaker to those facets than that of oleic
acid or oleate, oriented attachment takes place to minimize the
surface energy of these crystal facets.

In a first series of experiments the sulfide concentration was
varied while fixing all other parameters. Using three different
chloroalkanes as coligands, namely 1,1,2-trichloroethane (1,1,2-
TCE), 2,3-dichlorobutane (2,3-DCB), and 1,3-dichlorobutane
(1,3-DCB), shows that with decreasing sulfide concentration
the structures’ shape changes. Despite their structural differ-
ences (but similar boiling points), all three chloroalkanes yield
comparable shapes at the same Pb:S molar ratios: from two-
dimensional nanosheets (Pb:§ ratio starting from 35:1) to long
stripelike structures and finally to monodisperse spherical
nanoparticles (Pb:S ratio of 550:1) as shown in Figure 1. Not
shown are high sulfide concentrations (Pb:S ratio >35:1) where
spherical nanoparticles are formed, too. It seems that only the
functional group plays a major role. With a very low sulfide
concentration (molar Pb:S ratio more than 500:1) only few
nuclei are formed at the start of the reaction. These nuclei
cannot find other nuclei easily to merge to nanosheets via
oriented attachment but eventually stripes can still form
through oriented attachment. By increasing the concentration
(at molar Pb:S ratios between 300:1 and 500:1) enough nuclei
are formed and oriented attachment takes place to yield sheet-
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Figure 1. PbS nanoparticle shape evolution as a function of sulfur
source concentration. Three different chloroalkanes were used at the
same reaction temperature of 135 °C. The numbers in the images
correspond to the molar ratio of Pb:S. A shape evolution can be seen
with all chloroalkanes. The results are basically the same for the
different chloroalkanes. Only 2,3-DCB leads to stripes earlier than the
other two, but the shape is comparable with the others. The amount of
each chloroalkane used was 0.3 mL.

like two-dimensional structures. When the sulfide concen-
tration is increased, these stripes can grow together to form
square-like sheets (molar ratios below 300:1) because there is
still enough sulfide monomer present in the reaction solution.
Otherwise, the stripes are stabilized too strongly by the ligands.
Kiran et al. identified a (PbS)s, cluster as the first stable crystal
and could show by atomic force microscopy (AFM) measure-
ments that the first larger and detectable structures are built
from these clusters.** It is interesting, that four of those clusters
do not always merge to squarelike structures but can also form
stripelike structures where all four clusters merge via the same
facet type. With a smaller sulfide concentration and when
ligands are present in the reaction solution, the stripelike
structures seem to be the preferred shape of lead sulfide
nanocrystals. This holds true for all considered chloroalkanes
coligands, with just a slight variation of when which shape is
obtained. In Figure 2, HRTEM and SAED of a stripe show that
they are single crystals and the borders of the crystal consists of
{110} planes, which confirms that stripes also grow in the same
manner as PbS nanosheets.*’

Chloroalkane Concentration. The chloroalkanes function
as coligands on the various crystal facets. It seems that they are
mandatory for the PbS nanosheet synthesis. The sulfide
concentration study showed that all three chloroalkanes yield
very similar products. Thus, we take one of those chloroalkanes
(2,3-DCB) and a structurally very different one, 1-chlorote-
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A

Figure 2. HRTEM and SAED of PbS stripes. (A) HRTEM images
show a PbS stripe synthesized at 135 °C with a molar ratio of 550:1
and 0.3 mL of TCE as coligand shown on top. The bottom image of A
shows the crystal structure of the same stripe (the scale bar
corresponds to a length of 10 nm.) The calculated d-spacing measured
in the image (d = 0.3 nm) is in good agreement with the (200) spacing
from literature which is 0.2969 nm (JCPDS $—592: galena PbS). To
confirm that the planar surface of the structure is the (001) plane a
SAED pattern of a stripe was performed which can be seen in B. By
dividing the distances from the transmitting beam in the middle in the
[220] direction by the distance from the middle in the [200] direction
a value of 1.406 was calculated which is in very good agreement with
the theoretical value of a face centered cubic (fcc) crystal of 1.414.%

tradecane (1-CTD), to perform experiments varying the
concentration of the chloroalkanes (Figure 3). While with
smaller amounts of chloroalkane sheet-like structures are
formed, larger amounts lead to stripelike structures and
eventually to spherical nanoparticles. Omitting the chloroal-
kanes leads to mostly spherical nanoparticles. Thus, the
chloroalkanes play a decisive role in the shape formation of
the product. It is remarkable that even long-chained
chloroalkanes such as 1-CTD behave the same way as the
other short ones at the same reaction temperature of 135 °C.

With 1-CTD, it is also possible to conduct a reaction with 1-
CTD as sole solvent, omitting the original solvent diphenyl
ether (DPE) completely. This reaction yielded spherical
nanoparticles only. This supports our understanding that
chloroalkanes function as a stabilizing agent for nanocrystals
and such very high chloroalkane concentrations (in this case,
nearly four times the oleic acid molar amount) coordinate the
crystals efficiently so that no oriented attachment can take
place.

One could argue that the shape evolution is just a matter of
reaction volume and not the chloroalkane concentration. To
make sure the chloroalkanes play a role in the lead sulfide
nanoparticle formation, we have performed two reactions
without the chloroalkanes but with 0.2 and 2 mL of diphenyl
ether instead, which has been injected at the same time as the
chloroalkanes would have been. The outcome of these
experiments shows that no two-dimensional nanosheets are
formed when the chlorine source is not present (Figure S1).

It is worth pointing out that PbS sheets and stripes, obtained
by the aforementioned methods, manifest comparable semi-
conducting behaviors. We fabricated field-effect transistors
(FETs) using individual PbS stripes, in order to compare their
electrical properties with the formerly investigated sheets.** As
depicted in Figure 4, application of a back-gate voltage can
modulate the electrical conductivity of the channel significantly.
The measurements reveal that the stripes in contact with Au
electrodes show p-type behavior, indicated by a decrease of the
current with increasing gate voltage. This means that the holes
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Figure 3. PbS nanoparticle shape evolution as a function of
chloroalkane concentration. On the left the chloroalkane 2,3-DCB
was used to change the shape. The volume from top to bottom is 0.1,
0.3, 0.6, 0.9, and 1.25 mL, respectively. The molar ratio between Pb:S
was fixed to 120:1 and the reaction temperature was 135 °C. Here, the
shape of the sheets evolves from sheets to stripes to spherical
nanoparticles. On the right PbS nanosheet reaction with changing 1-
CTD volume at a synthesis temperature of 135 °C and a Pb:S ratio of
120:1. From top to bottom the volume is 0.4, 0.8, 1.6, 4, and 10 mL.
The shape of the PbS nanoparticles changes from spherical
nanoparticles to stripes and finally to sheets.

are the majority charge carriers in the device. A similar behavior
was also observed in quantum dot FETs.* This similarity in
type of the majority carriers is originated from the analogy in
their structural properties (crystal structure, thickness, etc.).
Therefore, the bandgaps of both PbS shapes, sheets and stripes,
are equally affected by quantum confinement.*>'®'* Moreover,
using stripes with the same thickness as squared nanosheets as
the active material improves the switching behavior. The on/off
ratio for such devices can reach to over 3400 at room
temperature, while the maximum field-effect mobility of the
carriers is calculated to be up to 5.59 cm® V™! 571 The lateral
confinement of the active channel may affect the performance
of the FETs. In particular it reduces the current flowing in the
“off” state, leading to higher on/off ratios and field-effect
mobility.

Effect of Temperature. Bhandari et al. recently reported
on the synthesis of PbS nanosheets. They were able to tune the
thickness of the nanosheets by using different chloroalkanes at
different temperatures.*’ We believe that the thickness is a
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Figure 4. Electrical transport measurements on individual PbS stripes.
(A) Room-temperature output characteristics of the field effect
transistors using a PbS stripe as channel. The inset is the SEM
image of the FET with an individual PbS stripe contacted with Au
electrodes. (B) Transfer characteristics of the same PbS nanostripe
FET. A switching effect and a p-type behavior are observed. This
implies that holes are the majority carriers in these devices. The strong
current changes at negative gate voltages can be understood as high

field effect mobility of the carriers (holes).

matter of the temperature only and is largely independent of
the nature of the chloroalkanes. To further study this question,
we chose a Pb:S ratio of 120:1 since this yielded the smoothest
and largest nanosheets up to now. The syntheses were
performed at 100, 120, 160, and 200 °C, respectively. The
chloroalkane used for all the different temperatures has to be
the same to show that only the temperature has the major effect
on the thickness of the sheets. We used TCE and 1-CTD in the
temperature study because their structure and thus, their
chemical and physical properties are most different but the
results from both chloroalkanes are basically the same, as we
will show.

The first apparent difference in the reaction is the time the
reaction solution took to turn black after the injection of the
sulfur source, as a sign for PbS formation. While at 100 °C it
takes about 4 min for the reaction solution to turn completely
black, the time shortens to around 3 min at 120 °C and only
20 s at 160 °C. At 200 °C the solution turns black instantly
after injection of the sulfur source.

The received products at the different temperatures vary
significantly in shape. At 100 °C the sheets are very thin while
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being close to 1 ym in lateral dimensions (Figure 5). AFM
measurements show the thickness to be around 5 nm including
the ligand sphere. With only 20 °C more the nanosheets are
larger in their lateral dimensions, but also in height. This is
observable by the more pronounced vertical growth over a
larger area of the sheets compared to a reaction temperature of
100 °C. In our previous findings where we varied the height of
the sheets by changing the oleic acid concentration, the “second
layer” did not grow to the borders of the nanosheets, even with
the thickest sheets.'® There, all reactions were performed at the
same reaction temperature of 130 °C.

AFM shows that the thickness of the nanosheets synthesized
at 160 °C is higher than the ones obtained at lower reaction
temperatures. The surface of these nanosheets is also smoother
as the vertical growth happened uniformly on the whole sheet
(a calculated root-mean-square value over 3500 thickness data
points on the nanosheet results in 0.1 nm). The lateral
dimensions increased again while at the same time also more
spherical nanoparticles were produced in parallel. At elevated
temperatures the reactivity and decomposition of TAA was
increased in such a way, that there is a quite high sulfide
monomer concentration. Spherical particle growth also takes
place from the beginning on while at the same time the lead
oleate complex bonds are weakened, which should also favor a
spherical particle growth as the lead complex is more reactive.
The amount of nanoparticles can be reduced postsynthetically
by washing the product more often with toluene until the
supernatant becomes clear in color. This procedure has no
visible negative influence on the nanosheets, as there could be
increased stacking or breaking apart.

At 200 °C, the sheets become more squarelike and there are
less spherical nanoparticles in the product than at 160 °C. TAA
decomposes faster at this temperature so there are more nuclei
formed and less sulfide monomer is available in the growth
phase—both favoring the kinetic product only. The product
exhibits holes in the structures. Some structures are even more
degenerated and do not resemble a sheet anymore. Besides the
large almost quadratic holes, the borders are much rounder
than the ones of the nanosheets received at 160 °C. The
borders also show stronger contrast in the TEM images
compared to the center of the nanosheets. AFM measurements
prove that the border is the thickest part of the structures while
there is not much change in thickness over the whole cross-
section of nanosheets synthesized at 160 °C in comparison.

The holes and rounded borders could be due to a
decomposition process of the nanosheets. The decomposition
could be induced by acetate/oleic acid, as acids can etch lead
sulfide nanoparticles.® We remove the acetate as acetic acid
during the degassing step of the reaction. Anyhow, when the
sulfide source TAA decomposes it forms acetate, which could
initiate the etching. The two-dimensional structures would
probably start to decompose especially at their thinnest spots
and already existing small holes. We observed such holes in
sheets only at temperatures higher than 160 °C. By decreasing
the TAA amount the decomposition at higher temperatures can
be prevented which is shown in Figure S2, where a 550:1 Pb:S
ratio was chosen and the sheets show no holes at a reaction
temperature of 200 °C anymore.

To track possible loss or decomposition of TCE, we
performed NMR (Figure S3). Despite TCE’s boiling point of
113 °C all proton signals from TCE could be detected and their
integrals are in good agreement with the molecular structure of
TCE. At the same time, no new signals were observed, which
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Figure 5. Shape and thickness evolution with temperature. All parameters are constant and only the temperature was varied. Shown are the TEM
pictures of the reaction product with TCE (0.7 mL) as coligand. The temperature increases from top to bottom from 100 to 120 to 160 and finally
to 200 °C. Sheets at 200 °C show a holey structure and become smaller in lateral dimensions. AFM clearly shows an increase in thickness with higher
temperature while at 200 °C the borders become the thickest part of the sheet. For 1-CTD TEM images see Figure S4 (100 and 200 °C) and Figure

3 (135 °C).

implies that TCE is still present in the reaction solution well
above its boiling point.

The PbS nanostructures are stabilized by a self-assembled
monolayer of oleate with a height of 1.8 nm.*” Considering the
thinnest nanosheets synthesized at 100 °C, subtracting twice
the height of the ligands (for top and bottom) leads to a height
of the inorganic core part of about 2.4 nm which corresponds
to only 4 times the lattice constant. We calculated the mean
sheet thicknesses obtained at the different reaction temper-
atures (Figure SS) by fitting the (200) XRD peak and using
Scherrer’s equation with a form factor of 1.** The results for
both, TCE and 1-CTD, are shown in Figure 6. A dependence
of the sheet thickness with the reaction temperature is
apparent, whereas the type of chloroalkane plays a minor role.

B CONCLUSION

By varying the concentration of the sulfur source in the PbS
synthesis, it was possible to change the shape of the product.
Depending on the chosen concentrations formed nuclei at the
beginning of the reaction can change to spherical nanoparticles,
elongated stripes or large sheets. Starting from high molar ratios
between lead and sulfur (550:1) a reaction at 135 °C takes
place and yields elongated stripelike structures. Through
HRTEM, we could show that the borders of the stripes are
{110} planes and the growth occurs via oriented attachment.
By reducing the molar ratio, more squarelike sheets are formed
with all chloroalkanes used in this study.
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Figure 6. Thickness of PbS sheets as a function of the reaction
temperature. The black rectangles represent the results with TCE as
coligand while the red circles represent the ones with 1-CTD. The
thickness was calculated using the Scherrer’s equation*® by fitting the
(200) XRD peak of the lead sulfide sheets. Despite their different
structure both chloroalkanes produce nanosheets with comparable
thickness at similar reaction temperatures (Figure S and Figure S4).
With elevated temperature the sheets become thicker.

By changing the chloroalkane amount, the same transition
between spherical nanoparticles to stripes and sheets takes
place. Changing the chloroalkane amount has the same effect
on the shape of the PbS sheets as changing the sulfur amount.
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This behavior is the same for all chloroalkanes used in this
study independent of the molecules’ structure, making reaction
temperature and the concentrations of the chloroalkane the
crucial parameters for shape change of the PbS structures.
Thus, less toxic and cheaper chlorine compounds can be used
to fabricate 2D PbS nanosheets.

By changing the reaction temperature, we could drive the
synthesis to obtain larger nanosheets with a flat and smooth
surface over several microns, whereas at the same time, the
thickness also increases with temperature from around 2 nm at
100 °C to 10 nm at 200 °C. The thinnest sheets could be good
candidates for PbS solar cells."* In principle, the synthesis is
scalable, but a protocol for the recycling of lead oleate should
be developed due to the high precursor concentration.

B METHODS

Synthesis. Lead(II) acetate trihydrate (Aldrich, 99.999%),
thioacetamide (Sigma-Aldrich, > 99.0%), diphenyl ether (Aldrich,
99%+), dimethylformamide (Sigma-Aldrich, 99.8% anhydrous), oleic
acid (Aldrich, 90%), 1,1,2-trichloroethane (Aldrich, 96%), 1,3-
dichlorobutane (Aldrich, 99%), 1-chlorotetradecane (Aldrich, 98%),
and 2,3-dichlorobutane (Acros, 98%) were all used as received.

In a typical synthesis, a three neck 50 mL flask was used with a
condenser, septum and thermocouple. 860 mg of lead acetate
trihydrate (2.3 mmol) were dissolved in 10 mL of diphenyl ether
and 3.5 mL of oleic acid (OA, 10 mmol) and heated to 75 °C until the
solution turned clear. Then vacuum was applied to transform the lead
acetate into lead oleate and to remove the acetic acid in the same step.
The solution was heated under nitrogen flow to the desired reaction
temperature between 100 and 200 °C), whereas at 100 °C the
chloroalkane (volume depending on the desired shape) was added
under reflux to the solution. After 12 min, 0.05—2 mL of a 0.04 g
thioacetamide (TAA, 0.5 mmol) in 6.5 mL of dimethylformamide
(DMF) solution was added to the reaction solution. After 5 min, the
heat source was removed and the solution was left to cool down below
60 °C which took approximately 15—30 min depending on the
reaction temperature. Afterward, it was centrifuged at 4000 rpm for 3
min. The precipitant was washed two times in toluene before the
product was finally suspended in toluene again for storage.

TEM. The TEM samples were prepared by diluting the nanosheet
suspension with toluene and then drop casting 10 uL of the
suspension on a TEM copper grid coated with a carbon film. Standard
images were done on a JEOL-1011 with a thermal emitter operated at
an acceleration voltage of 100 kV. HRTEM images were done on a
JEOL JEM 2200FS (UHR) equipped with a field emitter, CESCOR
and CETCOR correctors at an acceleration voltage of 200 kV.

XRD. X-ray diffraction measurements were performed on a Philips
X’Pert System with a Bragg—Brentano geometry and a copper anode
with a X-ray wavelength of 0.154 nm. The samples were measured by
drop-casting the suspended nanosheets on a (911) or (711) grown
silicon substrate.

AFM. Atomic force microscopy measurements were performed in
tapping mode on a Veeco MultiMode NanoScope 3A and a JPK Nano
Wizard 3 AFM in contact mode. The samples were prepared by spin-
coating the nanosheet suspension on a silicon wafer.

Device Preparations and Characterization. PbS nanostripes
with a length of serveral micrometers, a width of about 100 nm, and a
height of about 15 nm suspended in toluene were spin-coated on
silicon wafers with 300 nm thermal silicon oxide as gate dielectric. The
highly doped silicon was used as backgate. The individual nanosheets
were contacted by e-beam lithography followed by thermal
evaporation of gold and lift-off. Immediately after device fabrication
the devices were transferred to a probe station (Lakeshore-Desert)
connected to a semiconductor parameter analyzer (Agilent B1500a).
The transfer and output characteristics have been performed in
vacuum at room temperature.
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Results and Discussion

3-6-2 High-Performance n- and p-Type Field-Effect Transistors Based on
Hybridly Surface-Passivated Colloidal PbS Nanosheets

In this section, the experiments regarding the surface passivation of the nanosheets and their
device engineering are presented in the form of a published article. For this article, my
responsibility was to develop the idea, fabricating the devices based on the previously
synthesized nanosheets and performing the electrical measurements, which also includes the
analysis and the interpretation of the results. This is a reprint from: High Performance n-
and p-Type Field-Effect Transistors Based on Hybridly Surface-Passivated Colloidal PbS
Nanosheets, Mohammad Mehdi Ramin Moayed, Thomas Bielewicz, Heshmat Noei, Andreas
Stierle, and Christian Klinke. Advanced Functional Materials, 2018. 1706815%. Copyright
©2018 WILEY-VCH Verlag GmbH & Co.
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High-Performance n- and p-Type Field-Effect Transistors
Based on Hybridly Surface-Passivated Colloidal PbS

Nanosheets

Mohammad Mehdi Ramin Moayed, Thomas Bielewicz, Heshmat Noei, Andreas Stierle,

and Christian Klinke*

Colloidally synthesized nanomaterials are among the promising candidates
for future electronic devices due to their simplicity and the inexpensiveness
of their production. Specifically, colloidal nanosheets are of great interest
since they are conveniently producible through the colloidal approach
while having the advantages of two-dimensionality. In order to employ
these materials, according transistor behavior should be adjustable and of
high performance. It is shown that the transistor performance of colloidal
lead sulfide nanosheets is tunable by altering the surface passivation, the
contact metal, or by exposing them to air. It is found that adding halide
ions to the synthesis leads to an improvement of the conductivity, the field-
effect mobility, and the on/off ratio of these transistors by passivating their
surface defects. Superior n-type behavior with a field-effect mobility of

248 cm? V' 57" and an on/off ratio of 4 x 10° is achieved. The conductivity
of these stripes can be changed from n-type to p-type by altering the
contact metal and by adding oxygen to the working environment. As

a possible solution for the post-Moore era, realizing new high-quality
semiconductors such as colloidal materials is crucial. In this respect,

the results can provide new insights which helps to accelerate their

1. Introduction

The introduction of graphene, a mon-
olayer of carbon atoms with extraordi-
nary properties and potential application
in field-effect transistors opened a new
pathway for the semiconductor technology
based on 2D electronics.'? The field
expanded with the realization of other 2D
materials such as transition metal dichal-
cogenides. They showed to have high
carrier mobilities (still lower than gra-
phene) and at the same time, very effective
gateability due to their sizable bandgap
(in contrast to graphene which has a zero
bandgap).?>! However, the cost-efficient
production of such 2D materials on an
industry-compatible scale has remained
difficult.[”]

The colloidal synthesis of nanomate-
rials offers the possibility to produce high-
quality and inexpensive crystals which are

confined in one to three dimensions.”13l

Recently, we showed that this method can

also be used for the synthesis of 2D mate-

rials such as lead sulfide nanosheets.["*17]

Accurate control over the size and the thick-
ness of these nanosheets makes them promising for future 2D
electronics, as they have the advantages of two-dimensionality
(superior electrical, optical, and mechanical properties) while
they are extremely cheap and simple in production compared
to other methods for growing 2D materials such as molecular
beam epitaxy (MBE) or chemical vapor deposition (CVD) based
methods which need expensive instrumentation.!'+-17]

In addition to the size and shape of these nanosheets, con-
trolling their semiconducting behavior and particularly, the
polarity of their majority charge carriers are of great impor-
tance.'21821] Early characterization of PbS nanosheets showed
that they exhibit p-type behavior when they are probed as field-
effect transistors.?Z In order to effectively implement these
nanosheets into applications like transistors, solar cells, photo-
detectors, and spintronic devices (based on the Rashba spin—
orbit coupling),?-24 it is crucial to improve the p-type behavior
and also to develop the possibility to switch the behavior to
n-type.['11819211 Doping colloidal nanomaterials, in contrast to
conventional semiconductors, is complex since it depends on

optimization for potential applications.
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several parameters, such as the stoichiometry of the crystals,
traps on the surface, passivating ligands and impurities.[8192°]
Therefore, to successfully dope them, accurate tuning of these
parameters is required.

Here, we show how the field-effect transistor (FET) behavior
of PbS nanosheets can be tuned during the synthesis or by
modification of the fabrication procedure. N-type behavior
could be obtained by introducing halide ions to the surface of
the nanosheets during the synthesis, while exposure to air was
used for p-doping. For both groups, the effect of the contact
material was investigated. Eventually, by appropriately adjusting
the properties (effective n-doping, selecting the proper
contact metal, and using narrower crystals with higher gate-
ability), high-performance FETs with field-effect mobilities of
248 cm? V! s7! and on/off ratios of 4 x 10° could be achieved.
This level of performance is significantly higher compared to
other colloidal materialsi?*3! and is comparable with the func-
tionality of layered transition metal dichalcogenides (TMDs)
and other similar 2D materials.?233 Tuning and improving the
transistor behavior of PbS nanosheets is an important step in
regard to potential implementations in future electronics, espe-
cially for the systems which require extremely low cost compo-
nents, for example, for the internet of the things.**!

2. Results and Discussion

Different PbS nanosheets were synthesized with a height of
about 10 nm and lateral dimensions larger than 2 um using
different coligands for surface passivation!">~"7! (Figure S1, Sup-
porting Information, shows more details about the sheets).
The products were suspended in toluene, to be used for the
fabrication of field-effect transistors (details can be found
in the Experimental Section). In the first set of the experi-
ments, the surface passivation effect of different coligands on
the FET behavior of the nanosheets was investigated. For this
purpose, three types of nanosheets were synthesized: For the
first sample, a fluoroalkane was employed for the passivation
of the nanosheets, by adding 2.9 mmol fluoroheptane (FH)
to the reaction. The second sample was prepared with a low
amount of chloride ions. For this purpose, 2.9 mmol chloro-
heptane (CH) was added to the synthesis. Eventually, for the
third sample a high amount of chloride ions was introduced
by 7.5 mmol trichloroethylene (TCE). The amount of the main
ligand (oleic acid) remained constant for all the samples. As a
result, the nanosheets are comparable in thickness and lateral
size (Figure S2, Supporting Information). Figure 1 depicts a
scanning-electron microscope (SEM) image of the fabricated
devices for these measurements. In order to enhance the
expected n-type behavior, the nanosheets were contacted with
Ti, a low work-function metal which promotes electron trans-
port due to the formation of Ohmic contacts for electrons and
Schottky barriers for holes.[!1:233536] The devices were kept in
vacuum for 1 d before starting the measurements in order to
completely release adsorbed oxygen (as a promoter for p-type
behaviorl!118:20.25.35.37.38)) from the surface.

Figure 2A-D shows the output characteristics of these
devices. For the sample synthesized with FH (Figure 2A), at low
bias voltages, the current is linearly proportional to the voltage,
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which shows the formation of low resistance contacts.30 By
increasing the bias voltage, a clear saturation is observable for
the current. This can be attributed to the saturation of the car-
riers drift velocity in higher electric fields and is due to the rela-
tively high level of scattering during charge transport.l*#2l By
using CI” ions, the samples conduct more currents (Figure 2B).
This effect is more pronounced when the amount of CI~ ions
is increased (Figure 2C). The conductivity increases from 0.78
(with FH) to 131 mS cm™ (with the low amount of CI), and
to 300 mS cm™! (with the high amount of CI7) due to optimiza-
tion of the surface passivation. No significant current saturation
can be observed for the Cl™ passivated samples, which mani-
fests charge transports with lower scattering.*1* A comparison
(Figure 2D) clearly shows the improvements in the conductivity
and the linearity of the current, when CI~ passivation is used or
when more CI~ ions are provided to the crystal.

Figure 1. Device preparation. Colorized SEM image of the Ti contacted
nanosheets synthesized with chloride coligands for surface passiva-
tion. The used coligands are a fluoroalkane (2.9 mmol fluoroheptane),
a low amount of a chloroalkane (2.9 mmol chloroheptane), and a higher
amount of a chloroalkane (7.5 mmol TCE).
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Figure 2. Output characteristics. A) Output characteristics of the fluoroalkane-based sample. The current saturation is a sign of scattering in the
channel. B,C) Output characteristics of the samples passivated with a low amount and a high amount of CI™ ions, respectively. D) Influence of the
surface passivation on the |-V curve of the nanosheets (V, =+10 V). Adding more Cl" to the synthesis increases the current level and its linearity.

Further, we investigated the gate dependency by sweeping
the back gate from —10 to 10 V. Devices prepared from FH-
based nanosheets demonstrate a slight n-type behavior, intro-
ducing electrons as majority carriers (Figure 3A). The field-
effect mobility of these devices was calculated by employing
Equation (1) where L is the channel length and C is the gate
capacitance, which can be calculated by Equation (2)

dlps I
= . 1
Mg 4V, VsC 1)
C=¢g&, % (2)

In this equation, & and &, are the permittivity of vacuum
and SiO,, respectively, W is the channel width, and d is the
thickness of the gate dielectric (SiO,).??l For this sample, the
field-effect mobility was calculated to be up to 0.15 cm? V' 571,
which is relatively small compared to similar systems. The
maximum achieved on/off ratio is 235 which is also a moderate
value.

By adding chloroheptane to the synthesis, the transfer char-
acteristics of the sheets are clearly improved, as can be seen in
Figure 3B. More pronounced n-type behavior can be observed,
while the field-effect mobility and the on/off ratio are, respec-
tively, up to 5.5 cm? V1 s7' and 1300. By increasing the amount
of CI', further improvements can be achieved. Figure 3C shows
the transfer characteristics of the related devices. Field-effect
mobilities of up to 26.06 cm? V! s7! and on/off ratios up to
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8.8 x 10* introduce this group of nanosheets as supe-
rior compared to similar colloidal PbS nanosheets.['>2234]
Significant improvements are also observable by considering the
subthreshold swing of these devices, which decreases from
5 to 3 V dec? by replacing FH by CH, and to 1.1 V dec! by
increasing the amount of CI™.

Figure 3D provides an overview about the gating behavior
of these devices. One can clearly conclude that by adding Cl~
ions, the FET properties of the nanosheets are enhanced. For
the best sample (the one with the highest amount of CI) pas-
sivation leads to relatively low “off-currents” as well as relatively
high “on-currents,” which are both the main goals for the opti-
mization of electronic materials.

The surface of colloidal nanocrystals like PbS nanosheets
contains trap states originating from dangling bonds, due to
the periodicity mismatch of the crystal facet and the surface
ligands.l718-2043.44] Because of the high surface-to-volume
ratio, these trap states can significantly hamper the electron
transport.20374-471 Although different organic ligands (e.g.,
oleic acid for our case) are used during the synthesis, they are
not able to completely passivate the surface due to their mole-
cule length, and a certain amount of dangling bonds remains
unpassivated between the ligands, since they are unreach-
able for the long organic molecules.>44 To overcome this
problem, the idea of hybrid passivation of these crystals has
been suggested by employing X-type elemental inorganic
ligands in addition to their organic ligands. It has been shown
for 0D nanoparticles that halide ions, as atomic point-like
ligands, can penetrate into the organic layer and passivate the
remaining dangling bonds between them [’-111819434448] 1p
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Figure 3. Transfer characteristics. A) Transfer characteristics of the fluoroalkane-based sample with poor gateability. B) Transfer characteristics for
the sample passivated with the low amount of CI7, which shows improvements in the FET properties. C) Same measurement on the sample with
the high amount of CI7, representing the highest field-effect mobility and on/off ratio among the three samples. D) Comparison between the transfer

characteristics of all the samples.

order to passivate the surface, halide ions can be introduced to
the crystal either after the synthesis.B121841 or during the syn-
thesis as the precursor or as the coligands.B-104348-501 [n our
case, halogenoalkanes which are used as coligands decompose
during the synthesis and produce halide ions. These halide
ions can be attached to the surface of the crystal and passivate
the dangling bonds. Among the different used halogenoal-
kanes, passivation with fluoroalkanes is the least effective one.
There are two reasons for that: First, decomposition of fluoro-
alkanes is the most difficult one among the halogenoalkanes
due to the high electronegativity of F. Therefore, the produc-
tion of F~ ions during the synthesis is also more difficult com-
pared to other halide ions. Second, calculations show that the
formation of the Pb—F bond is unlikely because of its positive
formation energy, which decreases the adsorption possibility of
F~ (to the crystal) and increases its desorption possibility (from
the crystal), resulting in an unsuccessful or less effective pas-
sivation.[®11l This explains the relatively poor transport proper-
ties in our fluoroalkane-based nanosheets. The remaining trap
states hinder the transport of the electrons in the semicon-
ductor channel, leading to lower field-effect mobilities.[18:20:45:51]
Further, the resulting mid-gap states diminish the switching
and reduce the on/off ratio.l7::18-2043:44:46,51]

Replacing the fluoroalkane with chloroalkane improves the
effectiveness of the passivation, since chloroalkanes decompose
more easily compared to fluoroalkanes and the Pb—Cl bond
has a negative formation energy, which makes it more probable
than the Pb—F bond to be formed.®11184] By increasing the
amount of chloroalkane in the synthesis, more CI~ is provided
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and passivation is improved by increasing the coverage. Such
passivation reduces the amount of trap states on the surface.
During the transport, more electrons are able to move freely,
without being trapped which leads to more pronounced n-type
behaviors.[8:2:11.18-20.3746] Algo due to less scattering, the field-
effect mobility is increased.l”18204551 These phenomena result
in higher on-currents.'83537461 At the same time, passivating
the traps removes the mid-gap states from the band structure of
the crystal, leading to lower off-currents.[%18-20:43.44:46.51]

As it can be observed in Figure 4A, the field-effect mobility
and the on/off ratio can be improved by two and three orders of
magnitude, respectively, which is the first and strongest proof
for the effectiveness of our passivation procedure. Our results
are also in agreement with other works, which use similar
methods to passivate the surface of low-dimensional colloidal
nanoparticles.B-104348-50 Eyentually, to verify the mentioned
reason for the observed improvements in the FET behavior of
the nanosheets, we tracked the existence of the coligands on
the surface by means of X-ray photoelectron spectroscopy (XPS)
on thin films of nanosheets.*®54 Also these measurements
show that the nanosheets with the better performance have
higher amounts of Cl on the surface (Figure 4B). To clarify this
argument, Figure 4C shows the Pb 4f peaks for the CI~ passi-
vated samples (Figure S3, Supporting Information, shows these
peaks for the sample made with FA). The Pb 4f peaks centered
at 137.6 and 142.4 eV are attributed to the binding energy of
Pb 4f 7/2 and Pb 4f 5/2 of PbS, respectively. The XPS peaks at
138.8 and 143.7 eV are assigned to Pb 4f 7/2 and Pb 4f 5/2 of
Pb?* in PbCl,, showing the existence of Cl on the surface with
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Figure 4. Device and chemical analysis. The passivation effect on the FET behavior of the nanosheets. A) Field-effect mobility and on/off ratio of
the samples with different passivations. By employing CI~ ions, these parameters are improved by two and three orders of magnitude, respectively.
B) The ratio of Cl to Pb acquired by the XPS measurements which is in agreement with the trend of the improvements in the electrical properties.
C) Deconvoluted XPS spectra of the CI- passivated samples for the Pb 4f region show the existence of CI~ bound to Pb%". D) XPS peaks of the samples
for the Cl 2p region, showing the increase of the Cl content, for the samples with better electrical properties.

the highest amount for the sample synthesized with the high
amount of Cl, which is in agreement with the observed improve-
ments in electrical properties. The peaks at 138.2, 143.1 eV
and 136.9, 141.7 eV are assigned to Pb 4f 7/2 and Pb 4f 5/2
of PbO, and PbO, respectively. Further, Figure 4D shows the
Cl 2p peaks of the samples, with the peaks at 198.2 and 199.8 eV
which are attributed to PbCl,. It also demonstrates the increase
of the Cl content (due to the higher intensity of the peaks, rela-
tive to the PbS peaks), when more chloroalkane is used during
the synthesis, in agreement with the previous observations.
Therefore, it can be undoubtedly concluded that CI™ ions, which
are introduced to the synthesis by chloroalkanes, are attached to
the surface of the nanosheets and improve their properties by
surface passivation, although using fluoroalkanes might lead to
a poorly passivated or even unpassivated surface.

One might argue that the observed effects can be attributed
to the existence of mobile Cl~ ions in the system (e.g., n-type
behavior with a high conductivity and mobility). However,
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there are clear reasons which exclude this possibility. All the
nanosheets are washed several times at the end of the synthesis,
which removes any kind of impurities including mobile ions.
The XPS spectra (Figure 4C,D) also show that Cl is bound to
Pb and does not exist as free Cl~ ions. More importantly,
by investigating the off-currents of the devices, which are
extremely low, it can be concluded that no mobile ions are
present in the system. Mobile ions normally reduce the on/
off ratio by increasing the subthreshold leakage current of the
FETs. Since the off-current of our devices decreases by applying
more ions, it can be concluded that the employed ions do not
remain as mobile ions and therefore, the improvements are
solely due to the passivation effect from the bound ions.

It is worthy to point out, that even higher conductivities,
field-effect mobilities and on/off ratios are expected when
the nanosheets are passivated with Br~ ions (due to the same
reason for the superiority of Cl~ over F-).811.18] However, it has
been shown that adding Br~ ions to the synthesis hinders the
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growth of 2D crystals, leading to the production of only 0D
nanoparticles, which cannot be individually measured as a
field-effect transistor.['”!

As recently shown, by increasing the amount of chloroal-
kane in the synthesis (the number of CI~ ions on the crystal),
the lateral shape of the nanosheets is transformed to stripes.!'®!
Field-effect transistors based on these stripes show even higher
performances (compared to the squared sheets), since the gate
has a more effective influence on the channel conductivity,
resulting from the reduced width of the quasi-1D crystal.[!6:53-5¢]

In order to fabricate high-performance devices, we used
5.9 mmol of chlorotetradecane (CTD) to synthesize the
nanosheets. Since the amount of chloroalkane is relatively high,
surface traps are effectively passivated while the shape of the
crystal changes to laterally confined stripes, with a width below
100 nm. Ti contacts were used (an SEM image of the device is
depicted in Figure S4, Supporting Information) and adsorbed O,
molecules were released from the surface by keeping the sample
in vacuum, in order to further improve the n-type conductivity.
Figure 5A shows the output characteristics of these stripes. The
current is linearly proportional to the voltage without being
saturated, which is a sign for the formation of Ohmic contacts
(linearity in the low voltage regime)®>#% and for the successful
surface passivation (no scattering at higher voltages)."#2
The conductivity of these crystals is up to 1916 mS cm™.
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Figure 5. Stripe characteristics. A) Output characteristics of the highly
passivated stripes, contacted with Ti, and measured in vacuum. B)
Transfer characteristics for the same sample. Effective switching can be
observed with the high field-effect mobility and onjoff ratio.
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By investigating the transfer characteristics (Figure 5B), a sig-
nificantly improved n-type behavior can be observed. The field-
effect mobility for these stripes can be up to 248 cm? V! s7!
with an on/off ratio of 4 x 10° and a subthreshold swing of
650 mV dec™!. The FET behavior of these stripes shows sig-
nificant improvements compared to almost all the previously
reported systems based on 2D PbS crystals or other forms
of colloidal materials.2-28] The field-effect mobility of elec-
trons approaches even the bulk value. Such improvements are
achieved since tunnel barriers which normally exist between
the 0D nanoparticles are not present here in the continuous 2D
or quasi 1D crystal (leading to a higher conductivity). Having
the confinement in the height improves the gateability of the
sheets, or in other words, increases the on/off ratio. Eventually,
the passivation effect removes the surface defects of the crystal
and signifies the functionality. The unique superiority of these
stripes compared to other colloidally made crystals is that they
show high field-effect mobility and on/off ratio simultaneously,
the property which has been rarely reported in literature.26-31]
The performance of these FETs can also be further improved
simply by employing thinner gate dielectrics, which is 300 nm
for the current devices.[**#’] High amounts of mobile electrons,
low scattering, and negligible amounts of mid-gap states (all
achieved by eliminating the trap states and by releasing oxygen
from the surface), formation of Ohmic contacts, and effective
control over the channel (due to its quasi-1D shape) result in
high conductivities, remarkably low off-currents (below the
noise level of the measurement), and sharp transitions between
the on-state and the off-state.

As already mentioned, in order to properly employ the n-type
character of the sheets, it is necessary to use Ti contacts (a mate-
rial with a low work function)[':23353¢ and keep the sample in
vacuum to release adsorbed 0,.[11:182025.35.37.38] However, these
factors can be exploited to induce p-type behavior.

In order to examine the effect of adsorbed O, on the FET
behavior of the stripes, the measurements were repeated in
air after exposing the devices to air for a few hours. As can
be seen in Figure 6, the n-type behavior of the stripes is sig-
nificantly weakened and poor functionality with reduced
field-effect mobilities and on/off ratios is detected (mobility:
46 cm? V7! s71, on/off ratio: 82 x 103, subthreshold swing:
1.4 V dec™!). Comparable effects from air are also observed
for the normal (squared) nanosheets with different coligands
(Figure S5, Supporting Information). By adsorption of oxygen
(as a p-dopant) from air to the surface, electrons are withdrawn
from the channel, resulting in less electron concentrations and
poor n-type behaviors.[11:18:20.25:3537.38] Tt can also change the
band alignment of the semiconductor and the contact metal,
which hinders the n-type transport.2!#7]

Figure 6 also demonstrates the transfer characteristics of the
stripes contacted with Au (a material with a high work func-
tion) and measured in vacuum. As can be seen, by weakening
the n-type conduction, the field-effect mobility and the on/
off ratio decrease drastically, when the stripes are contacted
with Au (mobility: 6.8 cm? V™! 7!, on/off ratio: 100, sub-
threshold swing: 3.3 V dec™), which is also true for the squared
nanosheets (Figure S6, Supporting Information). By changing
the work function of the contact metal, the band alignment
between the crystal and the contacts is changed. Using a
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Figure 6. Charge carrier manipulation. Variation of the transfer charac-
teristics of the stripes, by changing the contact metal (Ti or Au) and the
working environment (vacuum or air). Using the Au contacts or meas-
uring in air weakens the n-type behavior. Au contacted stripes show p-type
behavior in air.

material with a high work function, such as Au, leads to the
appearance of a Schottky barrier for electrons and Ohmic
contacts for holes. This hampers the electron transfer and
facilitates the hole transfer in the system.['1233536] Since these
measurements have been performed in vacuum, the effect of
O, adsorption is not contributing to the poor behavior of the
stripes.

By employing both effects (using Au contacts and meas-
uring in air), the character of the stripes is changed to a clear
p-type behavior. The same stripes which show n-type behavior
were contacted with gold and were measured in air. The result
is shown in Figure 6. Analysis of the p-type conduction in
the transfer characteristics reveals that holes are the majority
carriers in these devices. Their field-effect mobility reaches
10.1 cm? V-1 s7! with an on/off ratio of 5000 and a subthreshold
swing of 1 V dec’!. The p-type conductivity of the crystal is
intensified by increasing the hole concentration, since O, acts
as a p-dopant,1118:20.25.35.3738] qupported by the formation of
Ohmic contacts for holes.['1:21:23.353647] Compared to other col-
loidal materials, these stripes represent relatively higher field-
effect mobilities and on/off ratios also in the p-type regime, 228!
originating from the continuity of the crystal and the effective
surface passivation. However, their functionality is still superior
in the n-type regime.

3. Conclusion

In conclusion, we have investigated the tunability of 2D col-
loidal PbS nanosheets by changing the surface passivation, the
contact metal, and the working environment. By adding chlo-
roalkanes to the synthesis of these nanosheets, their surface
defects were passivated, leading to improved n-type transistor
behaviors. The results revealed that chloride is a more efficient
passivator compared to fluoride, and its effect can be improved
by increasing the amount of chloride in the synthesis. By
using passivated narrow stripes, contacted with Ti, record
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high-performance n-type FETs could be realized when oper-
ating in vacuum. On the other hand, the same crystal was
contacted with Au and measured in air which showed p-type
behavior. Our results can be the next step in improving and
fine-tuning the recently introduced colloidal semiconductors
for future electronics, especially for inexpensive applications.

4. Experimental Section

Synthesis of Nanosheets: All chemicals were used as received.
The chemicals used were: lead(ll) acetate trihydrate (Aldrich,
99.999%), diphenyl ether (Aldrich, 99%+), oleic acid (Aldrich, 90%),
trioctylphosphine (TOP; ABCR, 97%), FH (Aldrich, 98%), CH (Aldrich,
99%), TCE (Aldrich, 96%), CTD (Aldrich, 98%), thioacetamide
(TAA; Sigma-Aldrich, >99.0%), thiourea (TU; Aldrich, >99.0%), and
dimethyl formamide (DMF; Sigma- Aldrich, 99.8% anhydrous).

A 50 mL four-neck flask with a thermocouple, a thermometer, a
condenser, and septum, was used. Lead acetate trihydrate (860 mg,
2.3 mmol) was dissolved in diphenyl ether (10 mL) and oleic acid
(3.5 mL, 10 mmol). For the synthesis of the sheets with TCE, TOP was
added (0.2 mmol). The solution was heated to 75 °C and a vacuum
was applied for 2 h at 0.3 mbar, to transform lead acetate into lead
oleate and to remove acetic acid in the same step. Then, under a
nitrogen atmosphere, the solution was heated to 100 °C, in which, the
desired coligands were added rapidly. After that, the temperature was
increased to the reaction temperature (the sample with FH: 170 °C,
the sample with CH: 170 °C, the sample with TCE: 130 °C, and the
stripes with CTD: 160 °C). To start the reaction, 0.2 mL of 0.04 g TAA
(0.5 mmol) in DMF (6.5 mL) was added (for stripes: 0.2 mL of 0.04 g
TU in 6 mL DMF). The solution was stirred at 700 rpm for 5 min before
cooling down. To separate the product from the solvent and by-products,
the reaction solution was centrifuged at 4000 rpm for 3 min and the
precipitant washed two times with toluene. The product was stored
suspended in toluene.

Device Preparation and Measurements: After the synthesis, a diluted
suspension of the nanosheets was spin-coated on a Si/SiO, substrate,
and contacted individually by electron-beam lithography, followed by
thermal evaporation of the desired metal (according to the scope of the
measurement). The achieved devices were transferred to a probe station
(Lakeshore-Desert) connected to a semiconductor parameter analyser
(Agilent B1500a), for room-temperature electrical measurements in
air or vacuum. All the measurements were carried out with back-gate
geometry, using a highly doped silicon substrate with 300 nm thermal
oxide as gate dielectric.

XPS Measurements: XPS measurements were carried out using a
high-resolution 2D delay line detector. A monochromatic Al Kex X-ray
source (photon energy 1486.6 eV; anode operating at 15 kV) was used
as incident radiation. XPS spectra were recorded in fixed transmission
mode. A pass energy of 20 eV was chosen, resulting in an overall energy
resolution better than 0.4 eV. Charging effects were compensated by
using a flood gun. The binding energies were calibrated based on the
graphitic carbon 1 s peak at 284.8 eV.l*’]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Results and Discussion

3-6-3 Towards colloidal spintronics through Rashba spin-orbit interaction

in lead sulphide nanosheets

This section summarizes the findings about the spin transport in the PbS nanosheets through
the Rashba spin-orbit coupling, as a published article. For this part of the project, my duty
was to develop the idea and the test setup, to fabricate the devices based on the previously
synthesized nanosheets, and to perform the spin transport measurements, including the
analysis and the interpretation of the results. This is a reprint from: Towards colloidal
spintronics through Rashba spin-orbit interaction in lead sulphide nanosheets, Mohammad
Mehdi Ramin Moayed, Thomas Bielewicz, Martin Sebastian Zdllner, Carmen Herrmann, and
Christian Klinke. Nature Communications 2017, 8, 15721, Copyright ©2017 Macmillan
Publishers Limited.
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Towards colloidal spintronics through Rashba
spin-orbit interaction in lead sulphide nanosheets

Mohammad Mehdi Ramin Moayed1, Thomas Bielewicz!, Martin Sebastian Zéliner?, Carmen Herrmann?

& Christian Klinke!

Employing the spin degree of freedom of charge carriers offers the possibility to extend the
functionality of conventional electronic devices, while colloidal chemistry can be used to
synthesize inexpensive and tunable nanomaterials. Here, in order to benefit from both con-
cepts, we investigate Rashba spin-orbit interaction in colloidal lead sulphide nanosheets by
electrical measurements on the circular photo-galvanic effect. Lead sulphide nanosheets
possess rock salt crystal structure, which is centrosymmetric. The symmetry can be broken
by quantum confinement, asymmetric vertical interfaces and a gate electric field leading to
Rashba-type band splitting in momentum space at the M points, which results in an
unconventional selection mechanism for the excitation of the carriers. The effect, which is
supported by simulations of the band structure using density functional theory, can be tuned
by the gate electric field and by the thickness of the sheets. Spin-related electrical transport
phenomena in colloidal materials open a promising pathway towards future inexpensive
spintronic devices.
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device engineering led to constantly improved perfor-

mances, nowadays it is very difficult to keep this pacel2.
Further challenges in terms of manufacturing cost, flexibility,
power consumption and device functionality are ahead, for
example, for the internet of things>*. Recent ideas try to address
these issues by the introduction of new materials as the active
semiconductor channel or new mechanisms of information
processing>®. One solution is replacing the electron charge by
its spin as an information carrier®. For this purpose, materials
with strong spin-orbit coupling (SOC) are particularly interesting
since in these materials spin orientation can be manipulated by
an external electrical field®>™8. In semiconductors, SOC can
originate from bulk inversion asymmetry (Dresselhaus SOC) or
from structural inversion asymmetry (Rashba SOC)>~710, Since
Rashba SOC can be influenced by customizing the structure
(for example, by confining the material) or by a gate voltage, it is
being studied comprehensively>~710, As a further development in
data processing, the concept of valleytronics has been introduced
for materials with multiple valleys (multiple extrema with equal
energies) in the band structure'!~!4, By controlling the number of
carriers in each valley, a so-called valley-polarized current can be
produced, which leads to an additional degree of freedom®12-14,
As a consequence of spin-valley coupling in these materials, it has
been shown that the valleys can be also populated selectively
based on the spin of the carriers!!~1%

Up to now, spin/valley-dependent transport phenomena have
been investigated mostly in two-dimensional nanostructures
prepared by industry-incompatible methods (for example,
mechanical exfoliation) or by cost-intensive instruments such as

Though in the last decades developments in semiconductor
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molecular-beam epitaxy6’9’16. In this work, we demonstrate the
presence of easily accessible SOC in nanomaterials synthesized by
colloidal chemistry. The solution-based synthesis of colloidal
nanomaterials offers enormous opportunities in the production of
inexpensive and high-quality crystals for electronic and, as we will
show, spintronic devices!”"!°. Colloidal lead sulphide (PbS)
nanosheets as continuous 2D crystals with promising properties
do not suffer from tunnel barriers like other colloidal systems,
such as thin films of nanoparticles”’ls’zo. However, their rock
salt crystal structure is centrosymmetric. In order to break the
inversion symmetry, we apply an electric field (gate) to the crystal
as well as different boundaries underneath and above the PbS
nanosheet (SiO, and vacuum)®?!. In combination with strong
SOC, this suggests Rashba-type band splitting, which is confirmed
by Kohn-Sham density functional theory (KS-DFT). In PbS
nanosheets, the band splitting occurs in momentum space at the
four M points. Upon illumination with circularly polarized light,
the circular photo-galvanic effect (CPGE) leads to a net current
that can be explained by an unconventional selection mechanism,
depending on the spin orientation of the carriers. The observed
effect is precisely tunable by changing the gate voltage or by
changing the confinement (thickness of the sheets).

Results

Circular photo-galvanic measurements on the nanosheets. We
synthesized PbS nanosheets with lateral dimensions of up to 5 pm
and tunable thickness of 2-20nm by introducing different
amounts of oleic acid to the synthesis!>?%22 (for crystallographic

characterization see Supplementary Fig. 1). The height of the

red [y

o
‘-‘ .-;h\‘l'k_

0 50 100 150 200

250 300 350
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Figure 1| Circular photo-galvanic effect in lead sulfide nanosheet devices. (a) Schematic image of the experimental setup. The semiconductor channel
(PbS nanosheet, shown in grey) experiences an electric field and asymmetric interfaces (vacuum and SiO,, shown in blue) and is illuminated with circularly
polarized light. (b) Breaking the inversion symmetry in a PbS crystal. The symmetry is reduced from Oy, point group (for the bulk crystal) to Cy4, (2D crystal
with external asymmetries). The blue and violet spheres represent lead and sulfur atoms respectively. The arrow shows the asymmetry in the crystal,
including the gate electric field and the asymmetric interfaces. (€) Photocurrent at zero bias as a function of the quarter-wave plate angle (with a small
non-zero incidence illumination angle). Fitting the results shows the existence of a non-zero CPGE current, suggested to originate from Rashba SOC in PbS
nanosheets (LPGE: linear photo-galvanic effect). The arrows show the quarter-wave plate angles, in which the light is circularly or linearly polarized.

59

2 NATURE COMMUNICATIONS | 8:15721| DOI: 10.1038/ncomms15721 | www.nature.com/naturecommunications



ARTICLE

nanosheets directly determines the band gap of the material
by confinement?’. This tunability is of advantage for the
performance of applications such as transistors, photodetectors
and solar cells!”132923 The synthesis of the nanosheets is
independent of the fabrication of the devices, which makes it
practical for industrial applications. The nanosheets were
spin-coated on Si/SiO, substrates and contacted individually with
Au electrodes by electron-beam lithography (see Supplementary
Fig. 2). The contacts were placed in <110> direction of the
crystal (corresponding to the M point direction in k-space) which
is also the lateral growth direction of the nanosheets.

In order to evidence the possibility of spin manipulation in PbS
nanosheets, we performed measurements on the CPGE as a
function of light polarization®”*-12, For this purpose, photo-
excited charge carriers with preferred spin orientation were
prepared by illumination with circularly polarized light produced
by a linearly polarized laser beam (41=627nm) through a
quarter-wave plate. The helicity of the exciting light was
determined by the angle of the quarter-wave plate, which
controls the spin orientation of the carriers. The beam was
pointed to the sample obliquely in the yz plane (x is the direction
of the current flow, z is normal to the nanosheet and y is
perpendicular to these two).

Figure la schematically illustrates the experimental setup.
This configuration provides the required inversion asymmetry
(including the gate electric field and asymmetric vertical
boundaries) in order to detect the CPGE. Bulk PbS with a rock
salt crystal structure obeys the Oj, point group symmetry which is
inversion symmetric. By confining the material in z direction
(height of the nanosheets), the symmetry is reduced first to the
Dy, point group and then, by application of asymmetric vertical
interfaces on top and underneath (SiO, and vacuum) as well as by
the gate electric field, to C,. For this symmetry group, the
inversion centre is absent, which supports the band splitting by
SOC (Fig. 1b). Figure 1c depicts the variation of the photocurrent
with changing the angle of the quarter-wave plate. It shows that
illumination of the unbiased devices can yield a non-zero helicity-
dependent photocurrent whose direction can be reversed by
changing the light polarization from right-handed to left-handed,
which is a sign for a spin-polarized current, generated as a
consequence of spin injection into a spin-orbit coupled
system>®12, In addition to that, other polarization-independent
currents are detected which should be distinguished from the
spin-related current.

The generated photocurrent is described by the expression

(1)

which can be employed for fitting the measurement results to
determine the contribution of each effect>~1%16, In the equation,
Jo is the background current, resulting from, for example,
photovoltaic effects, the Damber effect or hot electron injection.
This component is independent of the helicity of the light. J;pge
is the amplitude of the linear photo-galvanic effect which is due to
asymmetric scattering of electrons along the conduction path.
Although the LPGE is a function of the quarter-wave plate angle,
it is equal for the right-handed and left-handed polarized light,
which implies its independency from the helicity or respectively
the spin orientation of the carriers. The oscillation period of
the LPGE is equal to 90°. Eventually, Jcpgg is the amplitude of the
CPGE, the current which is attributed to the population of the
conduction band with spin-polarized charge carriers. In contrast
to the LPGE, the CPGE oscillates with a period of 180°. It is
maximum at a helicity of + 1 (45° and 225°), minimum when the
helicity is — 1 (135° and 315°) and zero when the light is linearly
polarized (0°, 90°, 180° and 270°) (refs 11,16).

Jtotal = Jo + Jepcesin(29) + Jipgesin(2¢)cos(2¢)
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Origin of the effect. Generally, different phenomena can lead
to the existence of a CPGE in a 2D material, including
Rashba/Dresselhaus SOC>®?, orbital interactions!®, spin-valley
coupling!"!2  or topological ~surface states’’. Even in
centrosymmetric materials with negligible SOC, in silicon or
graphene for instance, this effect has been detected due to the
asymmetry at the edges or contacts'®?> (in-plane asymmetries).
Lead sulphide as a crystal including high atomic-number Pb
atoms (Z(Pb) = 82) can be considered as having strong SOC!>26,
Further, the band structure of 2D PbS consists of a rectangular
Brillouin zone with four equal valleys at the corners, the M points.
By selectively exciting the carriers in each valley, a valley-
polarized current might occur'"131%27 Such effects can be
detected by the CPGE current since the angular momentum of
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Figure 2 | Origin of the circular photo-galvanic effect in lead sulfide
nanosheets. (a) The generated CPGE by shadowing different positions of
the device, and with different illumination angles. The blue and the red lines
represent the high and the low illumination angles respectively. The letters
indicate the position of the centre of the shadow. The contribution of the
vertical asymmetry and the enhanced in-plane asymmetry can be observed
(Ivertical @and linpiane)- The inset is a schematic top view of the device to
illustrate the position of the shadow during the experiment. In position D
the whole device is covered, in C and E half of the device (/spagow), and A, B,
F, and G represent the full illumination of the device (/). (b) Illustration of
the possible selection mechanism for exciting the carriers over the band
gap. lllumination of the PbS crystal with circularly polarized light leads to
transitions in both valleys but excitation of only one spin orientation.
(km,m: momentum of the excited carriers in a valley). Here, the angular
momentum of exciting photons is — 1, which is added to the spin-angular
momentum of electrons. The states are labeled as |JM_J>.
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Figure 3 | Dependency of the effect on the back-gate voltage. (a) Dependence of different components of the photocurrent on the gate voltage.
Similar gate dependencies can be observed for Jo, Jipce and Jcpge (background current, linear photo-galvanic effect and circular photo-galvanic effect).
(b) The measured CPGE current and its normalized value as a function of back-gate voltages for an 18 nm thick sheet. (¢) Calculated (DFT) valence
and conduction bands at the M point with application of different external electric fields—modelling the gate (15 layers). X denotes the path from I to M.
The red and the blue colours denote the sign of the spin projection on the in-plane axis perpendicular to the I'-M path (<S;; = >).The valence-band

maximum was set to OeV.

circularly polarized photons couples to the spin or valley index
of the carriers, or leads to asymmetric scattering of the carriers.
In any case, an inversion asymmetry must be present in the
structure, which results in an asymmetric distribution of carriers
in momentum space or asymmetric movement of the carriers in a
certain direction. Therefore, a net CPGE current can be
observed6:9-12,16.25

As the first step to explain the effect, we show that it mainly
originates from the imposed vertical asymmetry to the crystal and
not from the contacts/edges. For this purpose, we measured the
CPGE current while we shadowed different parts of the device,
to control the position of the beam and to intentionally enhance
the asymmetry between the contacts/edges. Figure 2a shows the
measured CPGE according to the position of the shadow. The
measurements were done with a high incidence angle (about
15 degrees, the max. incidence angle due to the size of the view
port of the vacuum chamber) and a lower one (around 6 degrees).
By moving the shadow from one side of the device to the other
one under the low incident angle, it is possible to reverse the
direction of the in-plane asymmetry'>162425, expressed by a sign
change of the shadowed CPGE current I,aq40w (Fig. 2a, positions
C and E). On the other hand, the function shows an offset which
implies that a part of the current is independent of the in-plane
asymmetry. In the following, this part will be shown to be the
current originating from the vertical asymmetry (Iyerical), caused
by the two interfaces and the gate. By increasing the incidence
angle, firstly it can be observed that the unshadowed current (If,)
increases, which shows that the vertical asymmetry is an effective
factor for generating Ig,. In fact, to observe the CPGE based
on in-plane asymmetry (Iinplanc)s illumination should be
perpendicular to the surface of the nanosheets. For a vertical
asymmetry, such illumination leads to a zero CPGE current, and
Lierical increases with increasing the incidence angle6’12’16’24‘26,
which explains the increase of the measured Ig,; with the larger
angle. When the shadow is applied, the imbalance of Igadow
(difference between the currents in positions C and E) becomes
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4

more pronounced with the higher illumination angle. It shows
that Iyerical has a larger part in Ihagows While Iy plane is almost
constant. By shadowing, we cover half of the device, which
decreases the effective part of the crystal to generate Iierical-
In contrast, it leads to a higher Iis plane as we magnify the
asymmetry. Since the share of Iienica is larger now, Ighadow
becomes less than Iy (for the ideal contribution of Lepica and
Iin-plane Se€ Supplementary Fig. 3). All of these observations prove
that the vertical asymmetry is indeed able to generate a net CPGE
current by changing the distribution of the carriers in the band
structure, although they do not exclude the possibility of local
in-plane asymmetries, such as contacts or edges.

Simulation of the band structure and the selection mechanism.
In order to further investigate the origin of CPGE in PbS
nanosheets, we calculated the band structure of clean PbS (001)
slabs (with 15 atomic layers) including an external -electric
field using DFT based on the general-gradient approximation,
employing the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional?® (see Supplementary Fig. 4). SOC was
taken into account by using fully relativistic projector-
augmented-wave (PAW) potentials. It should be pointed out
that when SOC is considered, general-gradient approximation
functionals are known to underestimate the band gap in bulk PbS
and even predict a band inversion?*°, The usage of hybrid
functionals (for example, Heyd-Scuseria—Ernzerhof) or many-
body corrections like the GW approximation were shown to
improve the agreement with experimental band gaps, but the
are much more computationally demanding than pure DFT?%3
The qualitative trend of the influence of an external electric field
on the band structure is expected to be described well enough by
PBE to get reliable results, as this functional was already used to
describe Rashba systems3! =33,

Without an external electric field, inversion symmetry is
maintained, and no Rashba spin splitting can be observed along
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the I'-M-X path (see Supplementary Fig. 5a). At the band gap
(M point), the two highest filled bands split in direction of the I'
point. Adding an external electric field along the surface normal
breaks the inversion symmetry, and Rashba spin splitting occurs
at the M point (see Supplementary Fig. 5b), which is confirmed
by a spin texture typical for the Rashba effect (see Supplementary
Fig. 5¢). The Rashba spin splitting of the highest filled band
differs from the splitting of the second highest filled band. Rashba
spin splitting can be also observed for the conduction band.

The calculated band structure implies that by exciting the
material with right-handed (left-handed) polarized light, that is
photons with angular momentum of +1 (—1), some of the
possible transitions between the valence and conduction bands
are forbidden since energy and angular momentum must be
conserved during the transition. The possible excitation mechan-
ism of the carriers over the band gap is illustrated schematically
in Fig. 2b. The bands are split around the M point. However,
in contrast to other multi-valley materials, the splitting occurs in
momentum space and the split bands, corresponding to the two
opposite spin orientations, have equal energies. For materials with
rectangular Brillouin zone, both valleys (M and M') represent
similar orbital characters. Therefore, they are not selectively
populated by adjusting the angular momentum of the exciting
photons (which is done by selecting the handedness of the
circular polarization)?’. On the other hand, by splitting the bands
in momentum space, the angular momentum of the split bands
becomes different for each spin. As it can be observed in
Supplementary Fig. 6, total angular momentum of the valence
band and the conduction band are respectively 3/2 and 1/2 with
spin-angular momentum of 1/2 (ref. 34). By controlling the
helicity of the exciting light, carriers can be selectively excited
based on their spin orientation'?!426, Upon illumination with
circularly polarized light and population of the conduction band
with spin-polarized electrons, the number of excited carriers is
equal in the M valley and in the M’ valley, but the linear
momentum differs, since splitting is asymmetric at these two
points. For instance, the spin-up band is shifted away from the
Gamma point (to higher momentum) at the M point, but towards
the Gamma point (to lower momentum) at M’. Therefore, spin-
up electrons at the M point have higher momentum compared to
those at the M’ point. This results in the generation of the spin-
polarized CPGE current based on Rashba SOC which splits the
valleys of the band structure.

The current generated by the CPGE in the direction of a
specific crystal orientation (1) can be expressed by

JepGE— 7 = Z X,lﬂeuEchim (2)
u

where u is one of the different crystal orientations (x, y, z), x is the
CPGE second-rank pseudo tensor which is directly affected by the
crystal asymmetry, E, is the electric field (complex amplitude)
of the light wave, P, is the helicity of the circularly polarized
light (degree of polarization), e =q/q is the unit vector for the
light propagation, and q is the wave vector of the light in
the medium>®°, For the C,, point group, the pseudo tensor
% has non-zero elements, which results in a non-zero CPGE
current®>36,

Gate dependency of the effect. Having introduced confinement
and symmetry breaking by the gate electric field as the factors
influencing the SOC, we separately studied these elements under
the low illumination angle in order to tune the band splitting in
the PbS nanosheets. Figure 3 shows the dependence of the CPGE
current on the gate voltage (see also Supplementary Fig. 7).
Changing the gate voltage can influence the photocurrent in

two ways: First, it affects the band splitting by modification of
the inversion asymmetry>®!2. Second, the band alignment of the
material with the contact metals is altered, which results in
changing the extraction probability and the recombination rate
of all the excited carriers including the spin-polarized ones’
The former is observable only for the CPGE current, whereas the
latter is a general effect and can govern all three components of
the photocurrent (Jy, Jepge, Jipge). As a result, comparable
responses to the gate can be observed for these components
(Fig. 3a). In order to extract the pure gate dependence of SOC, the
change in the band alignment or any other spin-independent
effect should be excluded from the results. This can be done b

normalizing the CPGE current by the background current®>1°,
The normalized value represents the internal tunability of the
band splitting by the gate voltage.

As shown in Fig. 3b, by sweeping the back-gate voltage from
—8 to 8V, the CPGE current of the nanosheets changes
significantly. The gate dependency of the normalized CPGE
current also shows the clear tunability of the band splitting by
the gate electric field. By changing the electric field in the

a12

10

CPGE current (pA)

-8 —6 —4 -2 0 2 4 6 8
Gate voltage (V)

Normalized CPGE (%)

I e e e e S S NS T T
-8 -6 -4 -2 0 2 4 6 8
Gate voltage (V)

Figure 4 | Circular photo-galvanic current for different thicknesses.
(a) The CPGE current for 6, 9 and 18 nm thick sheets, measured as a
function of the gate voltage. (b) CPGE current normalized by the
background current, as a function of the gate voltage. Thinner sheets
show higher gate dependencies.
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semiconductor channel, resulting from the back gate, the
potential profile of the confined crystal can be modulated®,
resulting in the modulation of the degree of reduction in
symmetry. As a result, by increasing the gate voltage, a larger
band splitting can be expected'?, which causes a wider
distribution of the carriers in momentum space and hence a
higher CPGE current is generated. The DFT band structure
calculations show that the strength of the gate electric field can
modify the Rashba splitting of the valence and conduction bands
(Fig. 3c). The gate effect is superimposed on the boundary
conditions resulting from the asymmetric interfaces. Therefore,
even at zero gate voltage, a CPGE current is generated (Fig. 3b).
Dependency on the gate voltage is another confirmation that the
vertical asymmetry is effective in the CPGE, since the vertical
electric field is not expected to affect the in-plane asymmetry.

Thickness dependency of the effect. Moreover, we performed the
CPGE measurements on devices based on nanosheets with
three different thicknesses of 6, 9, and 18 nm to investigate the
influence of the quantum confinement on the Rashba effect
(Fig. 4a and Supplementary Fig. 8). By sweeping the gate voltage,
it can be seen that thicker sheets produce higher CPGE currents.
The character of the gate dependency for the CPGE current is
similar to the background current for all devices. Since the
channel dimensions (thickness and width) are different for each
sample, the absorption capability of the devices is different
as well. In order to make the results comparable, the CPGE
normalized by the background current was calculated (Fig. 4b).
The measurements indicate that by decreasing the thickness of
the sheets, which corresponds to an increase of the confinement
effect, structural inversion asymmetry and consequently the
Rashba SOC becomes more pronounced in PbS nanosheets.
Despite the different gate dependencies of the CPGE currents,
all thicknesses of nanosheets show comparable gateabilities for
the normalized CPGE. To clearly see the effect of the thickness
on the vertical asymmetry, tunability of the normalized CPGE
with the gate voltage can be observed, which is only a character of
the band splitting due to the vertical asymmetry and excludes the
effects of any in-plane asymmetry. As shown in Fig. 4b, the
thinner the nanosheet, the more effective is the gate voltage. By
sweeping the back-gate voltage from — 8 to 8V, the normalized
CPGE for the 6 nm sheets changes six times more than that for
the 18 nm sheets. The gate voltage and the asymmetric bound-
aries result in an electric field in the crystal which breaks the
symmetry. The thinner the nanosheets the stronger is the effective
field. By increasing the effective electric field in the crystal,
splitting becomes larger, and a stronger CPGE can be detected.

Discussion

A CPGE has been observed in colloidal PbS nanosheets, which
could be assigned to Rashba SOC. The inversion symmetry in
the rock salt crystal of bulk PbS was broken by quantum
confinement, by asymmetric interfaces on two sides of the
material, and by a gate electric field. The effect of these
parameters was investigated experimentally, and the results were
substantiated by DFT simulations of the band structure. The
latter shows a splitting of the bands in momentum space, which
results in an unconventional selection mechanism based on the
spin of the photo-excited carriers. Our results are consistent
with a higher Rashba SOC in thinner sheets. The observation
of spin-related electrical transport phenomena in colloidal
materials is promising in terms of future industrial applications,
which supports the recently emerging spintronic approaches with
simplicity, inexpensiveness and scalability of the colloidal
synthesis of nanomaterials.
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Methods

Synthesis. All chemicals were used as received: lead(II) acetate tri-hydrate
(Aldrich, 99.999%), thioacetamide (Sigma-Aldrich, >99.0%), diphenyl ether
(Aldrich, 99% + ), dimethyl formamide (Sigma-Aldrich, 99.8% anhydrous),

oleic acid (Aldrich, 90%), trioctylphosphine (ABCR, 97%), 1,1,2-trichloroethane
(Aldrich, 96%). In a typical synthesis, a three neck 50 ml flask was used with a
condenser, septum and thermocouple. 806 mg of lead acetate trihydrate (2.3 mmol)
was dissolved in 10 ml of diphenyl ether. Depending on the targeted thickness,
2-10ml of OA (5.7-28 mmol) was added. The mixture was heated to 75 °C until
the solution turned clear. Then, vacuum was applied for 3.5h to transform lead
acetate into lead oleate and to remove acetic acid in the same step. The solution was
heated under nitrogen flow to the desired reaction temperature of 130 °C, while at
100 °C, 0.7 ml of TCE (7.5 mmol) was added under reflux to the solution and the
time has been started. After 12min 0.23 ml of 0.04 g TAA (0.5 mmol) in 6.5 ml
DMEF was added to the reaction solution. After 5 min, the heat source was removed
and the solution was let to cool down below 60 °C which took approximately

30 min and afterwards, centrifuged at 4,000 rpm for 3 min. The precipitant was
washed two times in toluene before the nanosheets were finally suspended in
toluene again for storage.

Device preparation. PbS nanosheets with lateral dimensions of up to 5 pm
suspended in toluene were spin-coated on silicon wafers with 300 nm thermal
silicon oxide as the gate dielectric. The highly doped silicon was used as the back
gate. The individual nanosheets were contacted by e-beam lithography followed by
thermal evaporation of Ti/Au (1/40 nm) and lift-off.

Measurements. Immediately after device fabrication, we transferred the samples
to a probe station (Lakeshore-Desert) connected to a semiconductor parameter
analyser (Agilent B1500a). All the measurements have been performed in vacuum
at room temperature. The vacuum chamber had a view port above the sample
which is used for sample illumination. For illumination of the nanosheets, an

18 mW red laser (627 nm) with a spot size of 4mm was used. The laser was able
to excite the electrons over the band gap, while its energy was not enough for
excitations to higher levels of the conduction band*’. The polarization of the laser
beam was controlled by a polarization filter and a quarter-wave plate.

Density functional theory simulations. Density functional theory calculations
were done by employing the electronic structure code Quantum Espresso 5.2.1
(ref. 41) in combination with the PBE exchange-correlation functional?® and the
PAW method. Relativistic effects (scalar- and spin-orbit coupling) were considered
through the PAW potentials (Valence configuration: Pb: 5d'%6s%6p? S: 3s?3p*)
self-consistently (the used PAW potentials for lead and sulphur were taken

from the pslibrary.1.0.0 downloadable at: http://www.qe-forge.org/gf/project/
pslibrary/frs). A kinetic-energy cut-off for the wavefunction of 46 Ry and

a kinetic-energy cut-off of the electronic density of 460 Ry were used. The Brillouin
zone was sampled with a shifted 8 x 8 x 8 grid for bulk PbS and a shifted 8 x 8 x 1
mesh for two-dimensional (001)-PbS sheets. The default convergence thresholds
were used for all calculations.

The atomic positions in the slab were allowed to relax, while the lattice constant
was kept fixed at the value calculated for bulk PbS using the same computational
settings (6.002 A). SOC and dispersion interactions were not considered during the
relaxation. The slabs were separated by a vacuum of 15 A.

Band-structure calculations were carried out on those optimized structures
considering SOC. External electric fields were simulated with a saw-like potential,
changing along the surface normal. A larger vacuum layer (20 A) was used, and the
decrease of the saw-like potential to its initial value was set to be in the middle of
the vacuum. Symmetry was not used to reduce the number of k points during the
self-consistent field calculation.

The projected density of states resolved on the band structure was calculated
using a Gaussian smearing with a broadening of 0.0001 Ry. The projected density
of states was summed over all atoms for any type of orbital.

Data availability. All the theoretical and experimental data supporting this study
are available from the corresponding author.
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Results and Discussion

3-7 Unpublished Project: Tuning the electrical properties of PbS

nanowires by sculpting the crystal

The following section summarizes the results of the measurements on the electrical properties
of metallic PbS nanowires. My contribution to this part was fabricating the devices based on
the synthesized PbS wires, performing the electrical measurements, and the analysis and
interpretation of the results. This part of the project has been carried out by: Mohammad
Mehdi Ramin Moayed, Sascha Kull, Angelique Rieckmann, Philip Beck, Michael Wagstaffe,

Heshmat Noei, Andreas Kornowski, Rostyslav Lesyuk, Andreas Stierle, and Christian Klinke.

Recently, the size reduction of different materials has led to the emergence of many novel
properties due to the employment of quantum confinement®®. For instance, the realization of
spin-dependent phenomena97, unconventional superconductivity regimesgg, and topological
surface states'** attracted considerable attention. Nevertheless, there is still room to further
tune the shape and size of nanomaterials, which might further modify their properties or even

fundamentally change their character*"'"'

. In this respect, the colloidal synthesis of
nanomaterials could play a crucial role, since it shows a great degree of flexibility in tuning
the product. Further, it is cheap, fast, and scalable, which makes it suitable for commercial
applications37’102.

Up to now, the application of PbS has been limited to semiconductor based components such
as photodetectorsl(B, field-effect transistors*, and solar cells’™'". Considering the previously
discussed advantages of this material, expanding its application beyond the limits of
semiconductors would be of great interest (for applications such as flexible electrodes or

. 105,106
Interconnects

). For this purpose, a fundamental alteration of the electrical properties is
required.

Here, a method is introduced to change the electrical properties of quasi-1D colloidal lead
sulphide wires from normal semiconducting to metallic. This could be done by altering the
surface facet of the crystal to the {111} facet, or in other words, by cutting the crystal through
this facet. As discussed in section 1-2-1, this facet is a single element facet. Therefore, it
forms a Pb rich metallic shell around the wires and makes them metallic, in contrast to other

forms of PbS nanocrystals which are all semiconducting. Altering the surface facet is done by

transforming the building blocks (cubes) to small octahedra during the early stages of the
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synthesis. The formed wires by the attachment of these octahedra would have a zigzag shape,
as shown in Fig. 5.

The zigzag wires, which are used in this work, are synthesized together with another form of
wires, which have a straight shape. These straight wires are synthesized by the attachment of
cubes (polyhedra) and therefore, their surface contains Pb and S. Comparable to the PbS
nanosheets, they show semiconducting behavior. By altering the synthesis conditions,
especially the ligands combination, it is possible to produce dominantly metallic wires,
semiconducting ones, or even both of them together.

Here, metallic behavior of the zigzag wires is theoretically predicted by density-functional
theory (DFT) calculations and experimentally confirmed by various transport measurements,
including field-effect, photoconductivity, and the temperature dependency (of the
conductivity) measurements. The outcome of these experiments introduces new applications
for PbS, including flexible electrodes. In addition, it helps to better understand the previously

studied PbS based systems.

Synthesis and crystallography

Two types of PbS nanowires (straight and zigzag) with the length of more than 10 pm and the
diameter of 30-50 nm have been synthesized based on the receipt presented in part A2 of the
appendix. Although these wires are the products of a single synthesis, their crystals have
important differences. As can be observed in Fig. 25a, the first distinction is their shape.
While one type has a smooth and flat surface (Fig. 25b), the other type grows in a zigzag
form and therefore, its surface is rough (Fig. 25¢). Small octahedra are the byproduct of this
synthesis (Fig. 25a).

The difference in the shape of these wires could be a sign for different growth mechanisms.
Therefore, the samples have been investigated with the high resolution TEM to gain more

details about them.
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Figure 25. TEM images of the PbS nanowires, grown in two different forms. (a) Two types of
nanowires are observable: straight ones and zigzag ones. In addition, small octahedra are also present.
(b) The first type grows in a straight form and has a flat surface. (c) The second type has a zigzag

form and therefore, a rough surface.

Figure 26a shows the HRTEM of the straight wires. First of all, it shows that their growth
direction is (112). This is in agreement with the growth direction of similar straight wires,
discussed in the literature’’. Further, their top facet which is observed in the TEM images is

the {111} facet. On the other hand, the HRTEM images of the zigzag wires (Fig. 26b) shows
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that their growth direction is (100). With the TEM, these wires are observed through the
{110} facet (the top facet). These observations are also in agreement with the literature™™
ST07109 4t should be also mentioned that the atomic arrays on the surface of the zigzag wires

form an angle of 109 deg (Fig. 26c¢).

Figure 26. HRTEM images of the wires. (a) HRTEM image of the straight wires. Inset: enlarged
fragment of the surface with the (220) spacing. The growth direction is indexed as (112). Inset top:
fast Fourier transform electron diffraction patterns (zone axis <111>) confirming the {111} top facet
and the specified growth direction. (b) HRTEM image of the zigzag wires. Inset: enlarged fragment of
the surface with the (200), (220), and (111) spacing. The direction of the growth was defined as (100).
Inset top: fast Fourier transform electron diffraction patterns (zone axis <110>), showing the {110}
facet as the top facet. (c) The angle between the atomic arrays at the surface of the zigzag wires is

equal to 109 deg.
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Based on these observations, the growth mechanism of these wires could be compared with
the suggested models in the literature, which were already discussed in detail in the theory
part. During the formation of the straight wires, first small cubes (or polyhedra) are formed.
Then, they are attached through the {112} facets and create the wires in the (112) direction.
In this situation, the top facet of the wires could be the {111} facet, which is also observable
in the HRTEM images. The growth of the straight wires is schematically shown in Fig. 27a.
Since the building blocks of these wires are comparable with the normal nanosheets, their
electrical properties are also similar (semiconducting)53’5 7

On the other hand, the zigzag wires are made by the attachment of octahedra. These
octahedra are attached through the {100} facet (tip to tip) and form zigzag wires in the (100)
direction®"'1% This type of attachment is shown in Fig. 27b. As can be seen, the top
facet of these wires must be the {110} face (in agreement with the HRTEM images), since
this is the only stable way for them to lie on the TEM grid. Under this condition, the surface
atomic arrays must be observed with the angle of 109 deg, which is also true for the
synthesized zigzag wires. The existence of octahedra next to the zigzag wires (observable in

the TEM images) is another sign that these wires are made of octahedra (Fig. 25a).

Figure 27. Growth mechanism of different types of wires. (a) The straight wires grow in the (112)

direction by the attachment of cubes through the {112} facet. Their top facet is the {111} facet. (b)
The zigzag wires with the growth direction of (100) are made of octahedra which are attached through
the {100} facet. Their top facet is the {110} facet and their tips are observed with the angle of 109

deg.
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Due to the extremely high Pb/S ratio in the synthesis, and also due to the high reactivity of
the S rich {111} facets''*'"", the surface of the zigzag wires is only composed of the Pb rich

{111} facets, as can be seen in Fig, 28.

Figure 28. Formation of the zigzag wires. The surface of these wires is only composed of Pb atoms,

which are shown here as gray spheres (the yellow spheres represent the S atoms).

DFT calculations

After identifying the building blocks of the wires, their electrical properties can be predicted
by DFT calculations. For this purpose, the band structure of the PbS crystal was calculated,
once by cutting the crystal through the {100} facet (similar to the cubes) and once by cutting
through the {111} facet (representing the octahedra).

As can be seen in Fig. 29a, while the former shows the normal band structure of PbS, similar
to the bulk material, the latter shows an overlap between the valence band and the conduction
band (Fig. 29b). Calculating the density of states (DOS) of these crystals also shows that the
DOS is zero in the bandgap of the former (Fig. 29c). In contrast, it is constantly non-zero
when the crystal is cut through the {111} facet (Fig. 29d). The conclusion of these

“1’“3, is that the

calculations, which are in agreement with the previously reported works
crystal with the {100} cut (the straight wires) must represent normal semiconducting

behavior of PbS but with the {111} cut (the zigzag wires), it must have a metallic character.
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Figure 29. DFT calculations of the PbS band structure. (a) The crystal, cut through the {100} facet
(representing the cubes), has a bandgap similar to the bulk material. (b) The crystal, cut through the
{111} facet (representing the octahedra), has an overlap between the valence band and the conduction
band. (c) The density of states for part a, showing the zero DOS at the bandgap. (d) The DOS for part

b, which shows the continuously non-zero DOS.

Transistor behavior of the wires

In order to experimentally investigate the differences between the electrical properties of
these wires, they have been contacted individually with Au electrodes and by means of
electron-beam lithography. Figure 30 demonstrates a scanning-electron microscope (SEM)
image of the fabricated devices. The shape of the employed wires for each device has been

determined with the SEM after performing the electrical measurements.
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Figure 30. SEM image of the contacted wires with gold electrodes.

After the device fabrication, the sample has been immediately transferred to the vacuum
probe station and measured with a back-gate geometry. Figure 31 shows the results of the
measurements on the straight wires. Their transfer characteristics (Fig. 31a) demonstrates the
clear dependency of their conductivity to the gate voltage. This can be also observed in the
output characteristics of these wires, shown in Fig. 31b. The conductivity of these wires is
calculated to be 18 ms/cm and they show p-type behavior. The gate dependency is the first
sign for their semiconducting behavior.

For the next step, the photoconductivity of these wires has been investigated by the
illumination of a red laser (A = 630 nm). The straight wires experience an increase in the
conductivity when they are illuminated with the laser, which is observable in the transfer
characteristics (Fig. 31a) and the output characteristics (Fig. 31b). As semiconductors,
illuminating these wires results in the optical excitation of the carriers over the bandgap,

which increases the amount of the free charge carriers and the conductivitym’lls.
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Figure 31. Transfer and output characteristics of the straight wires. (a) The transfer characteristics
shows that the conductivity of the wires increases by applying a negative gate voltage or by
illuminating them with the laser, as expected for a semiconductor. (b) The output characteristics of the

wires also represents the dependency of the conductivity to the gate or to the illumination.

Similar experiments have been also conducted on the zigzag wires. As can be seen in Fig.
32a, the transfer characteristics of the zigzag wires shows that their conductivity cannot be
adjusted by the gate-electric field. The same behavior is also observed through their output
characteristics, which is depicted in Fig. 32b. Even by applying higher gate voltages (higher
than 10 V), no current modulation could be observed. The conductivity of these wires reaches
to 27260 mS/cm, which is significantly higher than the conductivity of their semiconducting
analogue.

Further, no improvement of the conductivity is detectable when the zigzag wires are
illuminated with the laser. As can be seen in Fig. 32, the dark current (shown with black
lines) always overlaps with the photocurrent (shown with red lines). Due to the metallic
character of these wires and because of the overlap between their valence band and their
conduction band, the amount of their mobile carriers is not affected by applying a gate-

electric field or by the optical excitation' .
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Figure 32. Transfer and output characteristics of the zigzag wires. (a) The transfer characteristics
shows that the current is adjustable neither by the gate nor by the illumination, representing metallic
behavior. (b) The output characteristics of the zigzag wires also exhibits metallic behavior with a
higher conductivity compared to the straight wires and without any response to the gate or to the

optical excitation.

Temperature dependency

To further investigate the properties of these wires, the samples have been cooled down in
order to observe the temperature dependency of the conductivity. Figure 33a demonstrates
the output characteristics of the straight wires in different temperatures, while the gate
voltage is kept to zero. As expected for a semiconductor, the conductivity of the wires shows
a positive temperature coefficient. By decreasing the temperature, the conductivity of the
wires decreases and therefore, a lower current flows through them. A similar behavior has
been already observed with the PbS nanosheets*’. Moreover, Fig. 33b depicts the
conductivity and the photoconductivity in different temperatures. Both of these parameters
decrease by reducing the temperature, while the ratio of the photocurrent to the dark current
increases at low temperatures. All of these observations are in agreement with the behavior of
semiconductors. At low temperatures, the thermal excitation of the carriers is suppressed and
therefore, less mobile carriers can contribute to the transport49.

In contrast, the output characteristics of the zigzag wires, depicted in Fig. 33c, shows the
increase of the current at lower temperatures. As can be also seen in Fig. 33d, the
conductivity has a negative temperature coefficient and therefore, it is maximum for 5 K (the
lowest measured temperature), while no photocurrents are detected even at low temperatures.
These measurements are the other proof for the metallic character of the zigzag wires. In

metals, the carrier concertation is not governed by the thermal excitation. Instead, by
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reducing the temperature, phonon scattering is diminished, which increases the diffusion

length of the carriers and therefore, the conductivity is improvedm.
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Figure 33. Dependency of the current and the photocurrent to the temperature. (a) The I-V
characteristics of the straight wires at various temperatures. Lower currents flow at low temperatures.
(b) Temperature dependency of the conductivity and the photoconductivity for the straight wires. At
low temperatures, the conductivity and the photoconductivity are lower, while the photocurrent to
dark current ratio is higher. (c) The I-V characteristics of the zigzag wires, with higher currents at
lower temperatures. (d) The temperature dependency of the conductivity and the photoconductivity
for the zigzag wires. The conductivity increases by reducing the temperatures. The photoresponse is

absent at all temperatures.

Four point measurements

In order to exclude the effect of the contact resistance, which is mainly caused by the organic
ligands on the surface of colloidal materials, the zigzag wires which show unusual metallic
behavior have been measured with the four point geometry, and the result is shown in Fig.
34. As can be seen in the inset of this figure, without considering the contact resistance, a
linear I-V characteristics is observed. It indicates that the contact resistance is responsible for

the S-like shape of the wires’ output characteristics (Fig. 32b). The room temperature
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conductivity of the crystal (without the contact resistance) is calculated to be 99186 mS/cm,
which is even higher than the reported value for bulk galena“s. This is another sign for the
metallic character of the wires.

By decreasing the temperature, a clear reduction is detected for the resistivity of the wires.
This reduction saturates at very low temperatures (around 10 K), since the resistivity of
metals is typically a power function of the temperature (p o T>)'"”. The remaining resistivity
at low temperatures originates from defects in the crystal, which cannot be compensated by
lowering the temperature. These measurements together with the pervious experiments

strongly confirm the assumption that the zigzag wires are metallic.
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Figure 34. Resistivity of the zigzag wires at different temperatures, obtained by four point
measurements. The resistivity decreases by reducing the temperature and saturates at very low
temperatures. The inset shows the I-V characteristics of the zigzag wires without considering the

contact resistance (achieved by four point measurements).

The other interesting property of the zigzag wires is observed at temperatures below 7.5 K.
As already mentioned, these wires represent a constant resistivity at low temperatures.
Nevertheless, they experience a resistivity drop below ~ 7.5 K (Fig. 35). This temperature is
consistent with the transition temperature of Pb into the superconductivity phase''®"'*.

Therefore, it might be concluded that the zigzag wires show superconductivity, resulting from

76



Results and Discussion

the Pb rich surface. In order to confirm this theory, more measurements are required.
Especially, quenching the superconductivity phase must be observed by the application of
magnetic fields. Such experiments could provide more information about the real origin of

the detected resistivity drop.
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Figure 35. Resistivity of the zigzag wires at temperatures below 20 K. A resistivity drop is observed
at around 7.5 K which could be a transition to superconductivity. This effect might originate from the

Pb monolayer on the surface of the wires.

Discussion

The performed electrical measurements undoubtedly confirmed that the zigzag wires are
metallic. This property originates from the crystal cut through the {111} facet which makes
the surface Pb rich. In order to clarify why this specific cut results in metallic behavior, a
closer look is required on Pb/S bonds of the PbS crystal. As can be seen in Fig. 36, every Pb
atom is bound to 6 S atoms to form the crystal. It donates in total 2 positive charges to these S
atoms. When the crystal is cut through the {111} facet, half of these bonds (3 of them) are
broken and therefore, one uncompensated positive charge remains for the Pb atom. These
uncompensated charges, which exist on the whole surface, change its character to metallic''?.
Although the octahedra, as the building blocks of the zigzag nanowires, are metallic, there are
some conditions to observe this metallic behavior after their attachment (i.e. for the zigzag

wires). First of all, the shape of the wires must be well-defined. After the attachment of the
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octahedra and during the growth phase, the crystal expands in size. In this phase, if any facets
other than the {111} facet grow, especially the {100} facets, the shape of the wires would be
distorted. This leads to the discontinuity of the metallic path and to the destruction of metallic
behavior. The uncontrolled growth of the wires can be seen schematically in Fig. 37a and

through the TEM image in Fig. 37b.

Figure 36. Pb and S atoms in the PbS crystal. By cutting the crystal through the {111} facet (the
plane shown in red), three of the bonds are broken, leaving the Pb atom with one uncompensated

charge.

Therefore, it is crucial to have a well-defined shape in order to preserve the metallic
character. Here, accurately adjusting the synthesis time and employing the right amounts of
ligands play a key role to accurately cut the crystal and to have a well-defined shape (more

information in the Appendix).
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Figure 37. Losing the shape of the zigzag wires during the growth phase. (a) The schematic view of
the zigzag wires with the grown {100} facets, which results in the discontinuity of the metallic
surface. (b) The TEM image of the over-grown wires without the well-defined shape and metallic

behavior.

The other important point is the coverage of CI” ions on the surface. As it can be found in the
literature and as the DFT calculations show (Fig. 38a), when the surface of the crystal is
completely covered with CI ions, a forbidden gap is formed in the band structure of the
c1rysta1“2’113 . Therefore, semiconducting behavior must be observed, as the DOS also drops to
zero for the bandgap of such a crystal (Fig. 38b).

To check the CI content of the wires, they were probed with the X-ray photoelectron
spectroscopy (XPS)™!*
The Pb 4f peaks centered at 137.4 eV and 142.3 eV are attributed to Pb 4f 7/2 and Pb 4f 5/2
of PbS, respectively. Further the peaks at 138.2 eV, 143.0 eV, 136.4, and 141.3 are assigned
to Pb 4f 7/2 and Pb 4f 5/2 of PbO, and Pb-O. Eventually, the XPS peaks at 138.8 eV and
143.7 eV are assigned to Pb 4f 7/2 and Pb 4f 5/2 of Pb** in PbCl,. By comparing the intensity

of the peaks (the PbCl, peaks and the PbS peaks), it can be seen that the Cl content of the

. Figure 38c shows the Pb 4f peaks for the flat and zigzag samples.

zigzag wires (15%) is rather low compared to the straight wires (20 %) and also compared to
the previously studied PbS nanosheets (30-60 %)°®. Therefore, it can be concluded that the
performed synthesis fulfills this requirement and preserves metallic behavior of the wires by
reducing the CI content of the crystal.

It is worthy to point out that the metallic nature of the zigzag wires is further evidenced by
the XPS spectra. Peak narrowing is observed for the core level spectra, compared to the

124

straight wires, suggesting a relative increase in the conductivity = (the other peaks of the

XPS spectra are shown in Fig. S8 in part A2 of the Appendix).
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One might argue that the Pb terminated surface of the zigzag wires could be a foundation for
the growth of a pure Pb shell around the wires, which could also make them metallic. To
address this question, the HRTEM image of these wires (shown in Fig. 26¢) was checked. As
can be seen, there is no distortion of the crystal at the surface and its periodicity is constant.
This demonstrates that the whole crystal is PbS or in other words, no Pb shell is formed
around the wires. This could be also observed by the XPS measurements in Fig. 38c. It shows
that metallic Pb species are absent from both samples, since their presence could be inferred

by the observation of a sharp, asymmetric peak, observable at low binding energies125 .
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Figure 38. The CI effect on the properties of the zigzag wires. (a) The band structure of the CI
covered crystal with the {111} cut. Reopening the bandgap is observable. (b) The calculated DOS for
the mentioned crystal, which is equal to zero for the bandgap, showing semiconducting behavior. (c)
Deconvoluted XPS peaks of the samples for the Pb 4f region. By considering the CI/S ratio,
achieved by comparing the PbCl, and PbS peaks, a low amount of Cl content is detected for the

zigzag wires.
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Conclusion

In summary, the electrical properties of PbS nanowires were tuned from semiconducting to
metallic by cutting the crystal in a different way. While various forms of PbS nanostructures
are semiconducting, when the crystal is cut through the {111} facets, a Pb rich layer remains
around the crystal which makes it metallic. Such a crystal could be colloidally formed by the
formation and the attachment of octahedra, which are made during the early stages of the
synthesis. Several methods including DFT calculations, field-effect, photoconductivity, and
temperature dependency measurements were employed to confirm the metallic character of
these wires. It turned out that the well-defined shape and the low amounts of CI content play
crucial roles for preserving metallic behavior. These results provide the opportunity to further
optimize the colloidal materials and to simply tune their properties according to the target
application. Further, they introduce new applications for the PbS nanocrystals, including

flexible interconnects.
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3-8 Conference Proceedings: Rashba Spin-Orbit Coupling in Colloidal
Lead Sulfide Stripes

This part presents the results of the spin transport measurements on the narrow stripes. This
work has been published as conference proceedings. Similar to the previous works, I was
responsible to design, perform and evaluate the experimental part. This is a reprint from:
Rashba Spin-Orbit Coupling in Colloidal Lead Sulfide Nanosheets, Mohammad Mehdi
Ramin Moayed, Thomas Bielewicz, Martin Sebastian Zollner, Carmen Herrmann, and
Christian Klinke. Advanced Photonics 2017, OSA Technical Digest NoTulC.3'*. Copyright
©2017 Optical Society of America.
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Abstract

We investigated the Rashba-type spin-orbit coupling in
colloidal lead sulfide nanosheets and its dependency to
the geometry of the nanosheets by performing circular
photogalvanic effect measurements.

1. Introduction

Employing the spin degree of freedom instead of the
electrical charge is one of the suggested ideas for the future
of data processing due to the low power consumption and
the superior functionality of this concept. Colloidal chemis-
try as an easy and inexpensive method for producing
high-quality nanomaterials can be employed to synthesize
the required materials for spin-dependent components. In
order to evidence that, we have investigated the spin-orbit
coupling (SOC) in colloidal lead sulfide nanosheets and its
dependency to the geometry of the nanosheets by perform-
ing circular photogalvanic effect (CPGE) measurements.
Although the PbS rock salt crystal has point symmetry,
asymmetric interfaces on top of the material and underneath,
as well as the gate electric field can affect the confined
crystal and structurally break the symmetry, leading to the
Rashba type SOC generation. Our results show that this ef-
fect can be tuned by altering the lateral size (width) of the
nanosheets. Spin-orbit coupling is a key feature in spintron-
ics which allows manipulating the spin direction by means
of external electric fields. The observation of this effect in
colloidal materials can be a breakthrough for future inex-
pensive spintronic devices.

By approaching the end of the Moore’s law, it is crucial
to develop new concepts or new materials for the future of
data processing [1,2]. Using the spin/valley degree of free-
dom instead of the electrical charge is among the suggested
ideas, leading to the introduction of spintronics and valley-
tronics concepts [3,4]. Up to now, these concepts have been
mainly investigated in 2D materials produced by
cost-intensive methods such as molecular-beam epitaxy
(MBE) [1,5]. Here we show that materials synthesized by
colloidal chemistry have the potential to be employed for
spintronics, by realization of Rashba spin-orbit interactions
through circular-photogalvanic effect measurements. Col-
loidal synthesis of nanomaterials offers the possibility to
inexpensively produce high-quality crystals. Among the
colloidal materials, 2D lead sulfide nanosheets show prom-
ising properties [6,7]. Although their rock salt crystal struc-
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ture is centrosymmetric, the symmetry can be broken by the
application of asymmetric boundaries underneath and above
the crystal (SiO, and vacuum) as well as a gate electric field,
leading to Rashba type splitting in the band structure. The
effect can be tuned by altering the gate voltage, the thick-
ness of the nanosheets (confinement) [1] and their lateral
dimensions.

2. Device preparation

Lead sulfide nanosheets have been synthesized follow-
ing the reported approaches [7] and spin-coated on a Si/SiO,
substrate. Individual nanosheets were contacted with Ti/Au
by means of electron-beam lithography and metal evapora-
tion following by the lift-off process. Then, the sample was
transferred to a vacuum probe station and measured at room
temperature. In order to observe the circular-photogalvanic
effect, a circularly-polarized laser beam (A=627 nm) was
obliquely illuminated to the sample, and the generated cur-
rent was measured while the bias voltage was kept to zero.

Excitation laser: 627 nm
(eircularly polarized)

Fig. 1 Schematic of the test setup, which breaks the inversion
symmetry by a gate electric field and by asymmetric vertical inter-
faces (SiO; and vacuum).

3. Results and discussion

Figure 1 schematically illustrates the setup of the CPGE
measurements. By the application of a gate electric field and
asymmetric vertical interfaces, this setup reduces the sym-
metry in the crystal from the O, point group (inversion
symmetric) to C,, (asymmetric). As we recently showed in
[1], breaking the symmetry in the PbS nanocrystal results in
splitting the valence and the conduction bands at the M
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point valleys, corresponding to the (110) direction, at the
corners of the rectangular brillouin zone.

The angular momentum of such bands becomes different
for the spin-up and spin-down carriers but remains equal for
the M and M’ valleys (valleys with opposite directions).
Therefore, upon illumination with circularly-polarized light,
photoexcited carriers are spin polarized but valley
un-polarized [1].

Figure 2 shows the photocurrent of the nanosheets at 0 V
bias and in different angles of the used quarter-wave plate,
corresponding to different helicities of the circular-
ly-polarized light (V,= -10 V). The measured photocurrent
includes a background current originating from the photo-
voltaic effect (1), a contribution from the line-
ar-photogalvanic effect (Iirqz), and eventually, the circu-
lar-photogalvanic current (Icpee), a helicity-dependent cur-
rent which is attributed to the Rashba SOC in the crystal
[1,4,8,9]. Population of the split bands with spin-polarized
carriers results in asymmetric distribution of the carriers in
momentum space (compared to the I point), and generation
of Iwce [1,4,9]. By fitting the measured photocurrent by
employing eq. (1) (¢ is the angle of the quarter-wave plate),
I, and Icpqe are obtained equal to 28 and 4.6 pA respectively.
Jtotal = JO + JCPGE sm(2(0) + JLPGE 51n(2(1)) COS(2(0) 1)

In order to exclude the spin-independent effects on /Icece,
such as light absorption capability, the normalized CPGE
(Iceelly) is calculated to show the strength of the Rashba
effect. As reported in [1] for a 2 um wide nanosheet with a
thickness of 10-12 nm, the normalized CPGE can reach to
7 %. Here, although the thickness is similar to the aforemen-
tioned nanosheets, by reducing the lateral size (width=100
nm), this parameter can be improved to 16 %.

—®—Photocurrent
— Fit line

Photocurrent (pA)

80 120 160 200 240 280 320 360

Quarter wave plate angle (deg)

0 40
Fig. 2 Variation of the photocurrent at 0 V bias by changing the
angle of the quarter-wave plate (light helicity). The CPGE current
constitutes 16 % of the photocurrent (V, =-10 V).

By confining the crystal also in the width, the effect of the

back gate originating electric field on the crystal becomes
more pronounced. By intensifying the effective electric field,
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higher degrees of asymmetry are imposed to the crystal
which leads to the wider splitting of the bands. Therefore, a
higher normalized CPGE current can be detected through
illumination of the crystal with circularly-polarized light [1].

4. Conclusions

Rashba spin-orbit coupling has been investigated in col-
loidal lead sulfide nanosheets with reduced widths. Circu-
lar-photogalvanic measurements showed that Rashba band
splitting can occur as a result of a gate electric field and
asymmetric interfaces to the crystal. The effect could be
improved by reducing the width of the crystal. Our observa-
tion suggests that colloidal chemistry can support the recent
spintronic approaches by inexpensively providing the re-
quired active material.
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1. TEM image of the sheets

Figure S1. Transmission-electron microscopy (TEM) of the sheets. (A) TEM image of the
nanosheets passivated by the high amount of Cl’, as an exemplary demonstration of the sheets.

(B) Electron-diffraction pattern of a single sheet, which shows that they are monocrystalline.
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2. XRD data
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Figure S2. X-ray powder diffraction (XRD) of the samples, passivated with different
coligands, which only show the (200) and (400) planes due to texture effects. Comparable

broadening of the peaks shows the comparable thickness of the nanosheets.
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3. Pb 4f (XPS) peaks for the sample made with FH
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Figure S3. Deconvoluted XPS spectra of the FH-based samples for the Pb 4f region. XPS
measurements show small amounts of F~ on the surface of the nanosheets. However, since F
can be easily removed from the surface, it is not able to effectively passivate the defects and
therefore, poor electrical properties are achieved with these sheets. Here, the Pb 4f peaks
centered at 137.6 eV and 142.4 eV are attributed to the binding energy of Pb 4f 7/2 and Pb 4f
5/2 of PbS, respectively. The XPS peaks at 139.2 eV and 144 eV are assigned to Pb 4f7/2 and
Pb 4f 5/2 of Pb** in PbF,. Eventually, the peaks at 138.2 eV, 143.1 eV, 136.9, and 141.7 are
designated to Pb 4f 7/2 and Pb 4f 5/2 of PbO; and PbO respectively
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4. SEM image of the device with the stripes

Figure S4. SEM image of the devices made by the narrow stripes. By reducing the channel

width to 100 nm, better switching can be achieved.
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5. FET measurements of the square nanosheets in air
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Figure SS5. Transfer characteristics of the samples measured in air. (a) The fluoroalkane-based
sample (field-effect mobility: 3.3%x10™* ecm?*V's™). (b) The sample passivated with the low
amount of CI” (field-effect mobility: 0.1 cm?V's, on/off ratio: 6). (c) The sample with the
high amount of CI" (field-effect mobility: 2.5 em?V's, on/off ratio: 1000). (d) Comparison
between the transfer characteristics of all the samples. Although clear improvements can be
observed by intensifying the surface passivation (similar to the vacuum measurements), all the
samples show weaker n-type behavior when air is introduced to them. This is in agreement

with the archived results for the strips.
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6. FET measurements of the square nanosheets contacted with Au
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Figure S6. Variation of the transfer characteristics of the square sheets (bias voltage: 1 V),
passivated by the high amount of CI, by changing the contact metal (Ti or Au). Comparable
to the stripes, the n-type behavior is weakened by using Au as the contact metal (for the Au-

contacted device: field-effect mobility: 1.3 csz'ls'l, on/off ratio: 6).



Towards colloidal spintronics through Rashba spin-orbit interaction in lead sulphide nanosheets

1 Supplementary Figures
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4 Supplementary Figure 1 | Crystallography of the lead sulfide nanosheets.
5 X-ray powder diffraction of PbS nanosheets shows only the (200) and (400) planes due to texture
6  effects. The peaks for bulk galena are shown in red (JCPDS 5-592: galena). The d-spacing for
7 the (200) bulk PbS plane is d = 0.2969 nm (JCPDS 5-592: galena) while the measured d-spacing
8 in the high resolution tunnelling-electron microscope (HRTEM) inlet of the (200) nanosheet
9  plane (red lines enclosed by the black arrows) is d = 0.302 + 0.02. The scale bar is equal to 10

10 nm.
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Supplementary Figure 2 | Scanning-electron microscope image of a device based on an

individual nanosheet.

a, An SEM image of an individually contacted nanosheet. The scale bar is 4 pm. The nanosheets
with thickness of 6, 9 and 18 nm were distributed on the Si/SiO, substrate and contacted by
Ti/Au by means of electron-beam lithography. b, The magnified image of the same device (the

scale bar is 500 nm). The current flow for these nanosheets is in [110] direction.
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Supplementary Figure 3 | Ideal contribution of vertical and in-plane asymmetry in circular

photo-galvanic effect.

If only an in-plane asymmetry is considered, by shadowing the device, the CPGE current
experiences a sign change, when the asymmetry is reversed, but the magnitude of the current
remains constant. In case of the vertical asymmetry, shadowing leads to a decrease of the CPGE
current without changing the sign, since the direction of the asymmetry is constant and the
effective part of the crystal for the current generation is reduced. The combination of both effects
results in CPGE in PbS nanosheets, while the contribution of each part can be altered by the

incidence angle.
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Supplementary Figure 4 | Used unit cell and the corresponding Brillouin zone.

a, The used unit cell during the calculations where a denotes the lattice constant and the circles
show lead and sulphur atoms. b, The corresponding Brillouin zone is shown. The band structure

was calculated along the I'-M-X path and around to the band gap (M Point).
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Supplementary Figure 5 | Band structure of lead sulfide nanosheets with Rashba splitting.

a, Without an external electric field, the band structure does not show Rashba-spin splitting

along the I'-M-X path. b, With an external electric field, (strength: 51 mVA™) Rashba-spin

splitting occurs at the M point in the valence band as well as in the conduction band. The

valence-band maximum was set to 0 eV. ¢, Spin texture of the two highest valence bands,

0.044 eV below the valence-band maximum (black: highest filled band, blue: second highest

filled band) at the M (right) and the M’ point (left). A typical spin texture for Rashba-spin

splitting can be observed'. The length of the arrows is normalized. Along the I-M path, the

highest and second highest filled bands split in energy, while along the M-X path, they do not.
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Supplementary Figure 6 | Projected density of states resolved on several k-points in the

vicinity of the band gap.

The projected density of states was summed over all atoms for the corresponding orbital (E=51

mVA™). The valence band predominantly consists of the p orbitals of sulphur (S), while the

conduction band mainly consists of the p;, orbitals of lead (Pb). The intensity of the colour

implies the strength of the contribution of the corresponding orbital.
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Supplementary Figure 7 | Extracted gate dependency for the magnitude of the circular
photo-galvanic current.

By decreasing the back-gate voltage from 8 V to -8 V (in steps of 2 V), the absolute magnitude
of the generated CPGE can be increased. Modification of the bands splitting as well as the
recombination rate is the reason for such a tendency. By altering the angle of the quarter-wave

plate, oscillations with period of 180° are detected.
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Supplementary Figure 8 | Spin-independent properties of the nanosheets with different
thicknesses.

a, Background current J, for the investigated devices as a function of the back-gate voltage.
Larger channel sizes as well as smaller band gaps for thicker sheets can lead to the generation of
higher background currents. Modification of the band alignment by changing the gate voltage
also tunes the background current for each thickness. b, Variation of the linear photo-galvanic
(LPGE) current by changing the nanosheet thickness. By changing the circular polarization of
the light, the spin-independent photocurrent can be modulated. Comparable with the background

current, this component can be also tuned by the thickness or by the back-gate voltage.
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Appendix

A2 Supporting information: Tuning electrical properties of lead sulphide
by sculpting the crystal

1- Synthesis of PbS Stripes

Different types of lead sulphide nanowires were synthesized as followed. In a three-neck-
flask with thermocouple, condenser and septum 860 mg PbO(Ac;).3Hy (2.3 mmol), 3.5 mL
oleic acid (11 mmol) and 10 mL Diphenylether are mixed and degassed at 70 °C in vacuum
for at least 2.5 h. Under nitrogen atmosphere, 0.10 mL Trioctylphosphine (0.22 mmol) is
added and the solution is heated up to 170-200 °C. While heating, 0.2 mL of a 0.3 M LiCl-
DMF solution is added. When the reaction solution reaches the desired temperature, 0.2 mL
of a 0.09 M TU-DMF solution is added. Then, the solution turns black and shows typical
hazes. When the reaction solution reaches room temperature, it is centrifuged with 7 krpm for
5 min. The colorless supernatant is disposed and the black precipitate is washed two more
times by dispersion in toluene and centrifugation as described before. The wires, which are

stable for at least some weeks, are stored in toluene.

2- Device preparation and measurements

A diluted suspension of the wires was spin-coated on a Si/SiO, substrate, and contacted
individually by electron-beam lithography, followed by thermal evaporation of 1/50 nm
Ti/Au. The achieved devices were transferred to a probe station for room or low temperature
electrical measurements in vacuum. All the measurements were carried out with back-gate
geometry, using a highly doped silicon substrate with 300 nm thermal oxide as gate
dielectric. For the illumination of the wires, a red laser (A = 630 nm) with 20 mW power was

used.

3- XPS measurements

X-ray photoelectron spectroscopy (XPS) measurements were carried out using a high-
resolution 2D delay line detector. A monochromatic Al K a X-ray source (photon energy
1486.6 eV; anode operating at 15 kV) was used as incident radiation and, to compensate for
charging effects, a flood gun was used. XPS spectra were recorded in fixed transmission
mode. A pass energy of 20 eV was chosen, resulting in an overall energy resolution better

than 0.4 eV. The binding energies were calibrated based on the graphitic carbon 1 s peak at

284.8 eV'?,
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4- Formation of flat and zigzag shaped PbS wires

The first step in the synthesis of colloidal PbS wires is the thermal decomposition of Thiourea
to sulphide ions and their precipitation to lead(Il) sulphide in presence of lead(II) cations. The
first PbS nuclei are probably truncated cuboctahedrons with expressed 110/100/111 facets.
Oleic acid combined with a second ligand from the halogenated hydrocarbon family
promotes the oriented attachment and the formation of NCs. Alternatively, halide ions can be
employed instead of the halogenated hydrocarbons as the competing ligand to oleic acid.
Oleic acid, the corresponding oleate and chloride ions bind to lead(Il) cations, in order to
passivate and stabilize the PbS nuclei. TOP must be also introduced to the synthesis to adjust
the reactivity of the lead(Il) cations. Without adding TOP, no wires are obtained, while
increasing the amount of TOP leads to the formation of longer wires and more nanoparticles
as byproduct. The color change (the formation of the product) is delayed from 15 s to 60 s
when the amount of TOP is 10 times higher. Beside the reactivity of the lead(II) cations, TOP
might also act as a ligand.

The important step in the formation of the wires is the oriented attachment of previously
formed nuclei to 1D wires. The amount of chloride ions in the synthesis is crucial to
determine the dimensionality of the product. With high amounts of chloride ions,
nanoparticles are obtained since the oriented attachment is prevented by strongly passivating
chloride ligands. On the other hand, with less chloride, 2D nanosheets are formed. By
introducing a proper amount of CI” ions, for instance 200 pL LiCl, zigzag and straight
nanowires are obtained. Aliquots, taken in the beginning of the synthesis (beginning the color
change), show 10 nm thin wires of both types. They grow to thicker and wider wires with a
width of approximately 30-50 nm.

By varying the synthesis, it was observed that the zigzag wires are formed at the state with a
high concentration of monomers, while the flat ones are formed when the monomer
concentration is lower. Dilution of the reaction solution by the factor of 2 or reducing the
amount of sulfur precursor by the factor of 4, both result in the formation of mainly flat
shaped wires (validated by XRD). On the other hand, increasing the concentration leads to
the formation of bigger wires. Increasing the concentration of the sulfur precursor (4 times
more) resulted in the formation of NPs with some wires as byproducts. In this condition, bulk
XRD reflexes are obtained. So in summary, the concentration of precursors plays an
important role and can be used to synthesize mainly flat shaped wires, but not to synthesize

only zigzag wires.
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The other important parameter is the amount of oleic acid, used in the synthesis (2mL vs. 3.5
mL). With 3.5 mL oleic acid, the ratio between oleate and free oleic acid is 0.72. This ratio
increases significantly to 2.70 when the volume of oleic acid is reduced to 2.0 mL (since the
amount of lead(Il) oleate, formed in the first step of the synthesis remains unchanged). With
more oleic acid, a faster growth of formed wires can be obtained. With 2.0 mL oleic acid, the
formed wires are passivated against further growth, leading to thinner wires with less
expressed 111 facets/zigzag shape. By increasing the amount of oleic acid, the wires grow
larger, up to 200 nm in width, while no significant changes could be observed in the ratio
between the number of zigzag wires to flat ones. In such a synthesis, oleic acid competes with
oleate at the wires surface, leading to a weaker passivation and more growth. This is similar
to the strategy which is used to tune the thickness of PbS nanosheets.

XRD data can be employed to investigate the composition of the product, since the wires lie
differently on a substrate. Reflexes parallel to the zone axis are more pronounced in the
powder XRD when the wires are drop casted from the solution. Therefore, a main reflex at
43° [220] should represent zigzag wires, while 26° [111] indicates flat wires. Nanoparticles
should not contribute to the XRD signal as long as they are only side products. When mainly
NPs are present, the XRD pattern of the bulk material is obtained.

With a short reaction time (15 or 90 seconds), more zigzag wires are produced, while an
increase of the reaction time to 5 or 10 min leads to the growth of the absent facets (like
{100} and {110}) and the transformation of their shape from zigzag to a wavy form.

To ensure that these wavy wires are the ripened form of the zigzag wires, a few parameters
have been investigated. Their XRD mainly shows the reflex at 30° [200]. Also HRTEM
indicates the {100} facet as their top facet. However, their growth direction is similar to the
normal zigzag wires (100). Therefore, it can be implied that they are also made of the
attached octahedra via their tips (the {100} facet). But the normal zigzag wires lie on their
edges (the 110 zone axis) and the ripened zigzag wires lie on their tips (100 zone axis). This
is possible since during the ripening process, the tips (the {100} facets) grow larger and the
crystal can stably lie on it. The growth of these facets during ripening changes the shape from
zigzag to wavy.

The temperature of the reaction influences the wires similar to the reaction time and leads to
the growth of the absent facets. Nevertheless, it does not change the ratio between the zigzag

and flat wires.
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5- Temperature effect
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Figure S1. The effect of the synthesis temperature on the products. (a) TEM images of the wires
produced with different temperatures. (b) XRD of the products. With increasing the reaction
temperature the required time to observe the color change is shorter and the yield of the synthesis is
higher. At 190 °C, a mixture of zigzag and flat shaped wires is produced. With 205 °C, mainly the

ripened zigzag wires are achieved (their XRD signal is 110, representing zigzag wires).
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6- The role of TOP
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Figure S2. The effect of the TOP amount on the products. (a) TEM images of the wires produced
with different amounts of TOP. (b) XRD of the products. With more TOP, more particles and
“organic” residues are present in the samples. There seems to be also a slight change in zigzag/flat

ratio to more flat ones. The change of the intensity of the 220 (representing zigzags) and 111
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(representing flat) reflexes might be due to this change in the zigzag/flat ratio or by the appearance of
octahedral particles oriented with the {111} facet on the substrate. Without TOP no wires are formed

and only particles or undefined structures (depending on chloride ions) can be observed.
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7- Reaction time
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Figure S3. The effect of synthesis time on the products. (a) TEM images of the wires produced with
different synthesis durations. (b) XRD of the products. With increasing the reaction time, more
ripened zigzag wires (with a wavy surface) are produced, considering the less pronounced 220 reflex

compared to 111 and a more pronounced 200 reflex.
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8- Effect of oleic acid
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Figure S4. The effect of the oleic acid amount on the products. (a) TEM images of the wires
produced with different amounts of oleic acid. (b) XRD of the products. Increasing the amount of

oleic acid in the synthesis leads to an increased diameter of wires (higher contrast in TEM). The
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particles which are always present in the synthesis are also bigger. This leads to the assumption that
oleic acid controls the size of initial particles which attach to the wires via oriented attachment. A
moderate amount of oleic acid (3.5 mL) results in a zigzag rich sample. Decreasing the amount of
oleic acid to the minimum of 2 mL leads to mainly flat shaped wires. Increasing the amount of oleic
acid still results in a mixture of both wires with up to several hundred nanometers in diameter. Oleic
acid competes with oleate (which has a better passivating effect) on the surface, leading to an

increased growth, when the ratio is changed to excess of free oleic acid.
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9- Effect of CI ions
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Figure S5. The effect of the Cl amount on the products. (a) TEM images of the wires produced with
different amounts of ClL. (b) XRD of the products. With 200 pL LiCl solution (62 mg in 5 mL. DMF)
the standard product is achieved. By reducing the amount of chloride ions to one fourth, sheets are the
main products with some flat stripes as a byproduct. Three times more chloride ions in the synthesis
lead to some flat stripes with a lot of cubic shaped particles as a main product. In summary, the
product of the synthesis is sheets with a low amount of chloride, stripes with a medium amount, and

mainly particles or even precipitation of PbCl, with too much chloride.
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10- Concentration of monomers (TU)
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Figure S6. The effect of the monomers concentration on the products. (a) TEM images of the wires
produced with different amounts of monomers. (b) XRD of the products. The standard volume of 200
pL of thiourea solution gives a Pb:S ratio of 138:1 resulting in mixture of flat and zigzag shaped PbS
wires with a majority of zigzag shaped ones. By decreasing the amount of sulfur by the factor of 4,
flat shaped wires are obtained as the main product. With the four times higher amount of sulfur,

mainly nanoparticles are formed with some flat shaped wires as the byproduct.
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11- Amount of solvent
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Figure S7. The effect of the solvent concentration on the products. (a) TEM images of the wires

produced with different amounts of solvent. (b) XRD of the products. It seems that the wires are
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thicker/wider with less solvent used in synthesis. The color change appears after 10 s with 3.5 mL
DPE and after 40 s when 23.5 mL. DPE was used. The hypothesis of a fast nucleation to zigzag wires
with a high monomer concentration followed by a later nucleation to flat ones with a lower monomer
concentration can be confirmed with these experiments. With increasing the amount of DPE and
further dilution, more flat shaped wires are obtained (reflexes 111 and 200 vs. 220). However,

decreasing the amount of the solvent does not lead to only zigzag wires but to thicker/wider wires.
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12- XPS peaks
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Figure S8. Deconvoluted XPS peaks of the samples for the S 2p and Cl 2p regions. (a) The S 2p core
level spectra verifies the formation of PbS with the 2p 3/2 and 2p 1/2 peaks at 160.7eV and 161.9 eV,
respectively. (b) The CI 2p peaks of the samples, with the peaks at 198.0 eV and 199.6 eV attributed
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to PbCl,. The XPS spectra show that Cl is bound to Pb and does not exist as free Cl ions.
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A3 Chemicals

Tablel: GHS information on hazardous substances used for the sample preparation in this
thesis.

P ti
e Symbol Hazard statement recautionary

statement

GHS02 Eig P210
Chlorobenzene GHSO07 H332 P261
GHSO09 HAL P370 + P378

H225
Methyl isobutyl GHS02 H319 i;é(l)
ketone
GHSO07 H332
H335 P305 + P351 + P338

GHS02 H225 P210
Propanol GHSO7 H319 P261
H336 P305 + P351 + P338
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