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1 Introduction

Rethinking and restructuring our understanding of energy resources away
from fossil fuels and towards regenerative energy approaches is a constant
and ever-growing concern.

The sun represents a promising renewable energy source: Omne hour of
its power reaching the earth’s surface could provide one year of the world’s
energy need, if only harvested efficiently.

Solar energy is reliably clean and cheap and has driven the invention of
solar cells for harvesting it a long way with many different materials as ab-
sorbers and increasing efficiencies of the devices.

Still, most of the solar cells in everyday use are semiconductor silicon-
based even though the performance of the material is determined by its small
absorption coefficient and indirect band gap, causing devices to be tens of
microns thick to enable efficient solar energy absorption. Especially in the
emerging thin film solar cell sector the use of silicon therefore is confined.

It is constantly searched for semiconductor absorber materials that exhibit
high sun conversion efficiencies but at the same time at reasonable costs.

Among a variety of different solar cells, semiconductor thin film devices
have become increasingly popular as they feature high sun conversion effi-
ciencies at smaller material quantities and thereby can save costs.

CulnSe, and Culn;_ Ga,Se; (CI(G)S) have been extensively studied for
the application in solar cells as they exhibit a direct band gap suitable for
best sun conversion efficiencies at AM1.5 (see 2.1). 12

One crucial problem in processing the materials for applications is the
relatively complicated ternary (quaternary) CI(G)S system. Commonly used
reaction pathways involve evaporation of the reaction components at high
vacuum and selenization methods which are expensive, complex and do not
always assure a distinct stoichiometry of the materials.

Furthermore, the application of the CI(G)S materials as so called ”inks” on
flexible substrates (for novel solar cell applications like bendable devices) re-
quires production and processing temperatures well below gas phase reaction
temperatures.

An alternative way to control the desired stoichiometry of CI(G)S and
avoid hazardous reactions from the gas phase are wet-chemical synthesis ap-
proaches for CI(G)S nanocrystals (NCs). Colloidal CI(G)S NCs from solution
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can be processed as "inks” onto different substrate types and additionally ex-
hibit distinct favorable properties which are described in detail in section 2.3.

The main goals of this thesis are

- The development of synthetic pathways to colloidal I-III-VI; nanos-
tructures and the related compounds In,Se, and GaAs.

- The application of a residue-free ligand exchange strategy to improve
sintering processes in I-II1I-VI; NCs.

- Electrical transport studies on I-I1I-VI; NCs towards their suitability
for and application in solar cells.

First, Culn(Ga)Se, NCs of high quality in terms of crystallinity, repro-
ducibility and size distribution are synthesized. Synthesis ways from lit-
erature are therefore improved to enable the comparsion of the materials’
perfomance in electrical transport measurements.

Second, a ligand exchange procedure for the obtained CI(G)S NCs is es-
tablished. The NCs are exchanged with 1-ethyl-5-thiotetrazole (ETT) as
thermally degradable ligand which on the one hand secures their colloidal
stability and on the other hand decomposes virtually residue-free.

Third, densely packed CI(G)S NC solids are produced by spin-coating of
the materials. Electrical transport measurements and conductivity determi-
nation of the CI(G)S are performed subsequently.

Conductivities of ligand exchanged NC films are determined in the dark
and under illumination and compared to conductivities of initially oleylamine
stabilized CI(G)S films which generally suffer from poor conductivity.

After thermolysis of the thermally degradable ligand, CI(G)S NC solids
feature significantly improved conductivity, underpinning the important role
of 1-ethyl-5-thiotetrazole for processing virtually bare NCs from a wet-chemical
approach.

The virtually bare CI(G)S NCs can be easily sintered to form dense chal-
copyrite films without altering the crystal phase in a temperature range of
~400 °C.

Pursuing the reactivity of certain components of the I-I1I-VI; compounds,
In,Se, nanostructures are synthesized. The obtained two-dimensional In,Se,
nanosheets show that the reaction mechanism for the structure formation is
changed when copper is omitted from reaction and the stabilizing ligand is
slightly varied. In,Se, sheets represent exceptionally thin layered semicon-
ductor materials that are very interesting (see 2.6) for electrical transport
measurements although the stoichiometry of the material has to be further
elucidated.



Connecting the role of the third main group elements indium and gallium
with additional promising semiconductor materials for solar cells, a general
synthesis route for II1I-V NCs, mainly GaAs, is established.

The presented transmetalation reaction pathway offers the possibility to
process the most common III-V NCs: GaAs, InP, InAs and GaP.

In this work it is shown that by carefully probing and adjusting the re-
action conditions and behavior of the different elements in the compounds
investigated, rather complicated I-III-VI, and III-V NCs can be rationally
controlled to yield promising functional materials for regenerative energy
conversion.



2 Background Information and
Theory

This chapter deals with the properties and features of the investigated ma-
terials.

Reaction mechanisms for the formation of Culn(Ga)Se, from the solid state
side of view are considered and connected to the compound formation at the
nanoscale.

Basics of nanocrystal formation are elucidated in terms of nucleation and
growth conditions. All investigated systems show non-classical nucleation
and growth (see 2.2).

The application of CI(G)S NCs as absorbers in quantum dot solar cells
is discussed and analyzed as well as the functionalization of the NC surface
prior to the determination of the electrical transport in organics-free closely
assembled NC solids.

The chapter is completed by the characterization of two-dimensional In,Se,
nanosheets and GaAs NCs.

2.1 CulnSe; and Culn,,Ga,Se,

CulnSe, and Culn; yGa,Se; represent promising materials for regenerative
energy conversion and thin film solar cells and have been extensively studied.
The direct band gap of 1.04 eV for pure CIS is adjustable by the amount of
gallium incorporated into the crystal lattice resulting in an increased band
gap of up to ~1.15 eV which is close to the optimum of best sun conversion
efficiencies at AM1.5.[121 This tunability and its high absorption coefficient
surpassing 10° cm ™! predestine the material for the use in thin film solar
cells.®! Figure 2.1 is adapted from Jaffe and Zunger ¥ and shows the superior
absorption of CulnSe, in comparison with other semiconductor photovoltaic
materials at AM1.5.

The chalcopyrite crystal structure unit cell of the Culn(Ga)Se, system can
be described as two face centered cubic unit cells stacked into each other in
c-direction. Every second tetrahedral hole is thereby occupied by selenium
atoms (see Figure 2.2.).
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Figure 2.1: Absorption of CulnSe, in comparison with other established semi-
conductor photovoltaics, Figure adapted from reference .

Figure 2.2: Crystal structure of CulnSe; and Culn;_Ga,Ses, theoretically
In®** atoms can be linearly replaced by Ga* atoms.
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A detailed description of the formation mechanism of Culn(Ga)Se, in solid
state reactions has been predicted and experimentally proven by Hergert et
al. using in-situ XRD.[1:5:6]

Different formation ways for the chalcopyrites from the binary compounds
copper selenide and indium selenide which form first are described:

(A) CuSe + InSe — CulnSe,

(B) Cu,Se + 2InSe + Se — 2CulnSe,

(C) CuySe + Iny,Se; — 2CulnSe,

(D) 2CulnSe; + +CuGaSe, — Culng 75Gag255es
(E) CuSe, + In,Se; — CuSe + 4InSe

In the solid state reaction In,Se; is formed in a first step. To yield InSe for
reaction (A) or (B), this In,Se, is selenized in a subsequent step by CuSe,
which forms from excess selenium by reaction (E).

Eventually InSe and CuSe are released in (E) for reaction via (A) to yield
CulnSe,. CuSe additionally can "lose” selenium yielding Cu,Se for reaction
(B). Reaction (C) only occurs when reaction (A) and (B) are surpressed, as
InSe forms faster than In,Se;.

Finally reaction (D), the formation of Culn;,Ga,Ses; only starts when
reaction (B) has already begun and solely by interdiffusion of CuGaSe, into
CulnSe,. CuGaSe, is formed at higher temperatures (673 K) and crosses
directly over into interdiffusion of CuGaSe, into CulnSe, via reaction (D).

The formation reaction of Culn;_Ga,Se, is favorable because the position
of the Se?” anions in their anion sublattice of the chalcopyrite unit cell can
remain unchanged as the structure equals a cubic anion and cation sublattice.
A (re)arrangement of the In*" and Ga*" cations occurs relatively easy as their
cation radii are much smaller than the anion radius of Se? . !

NC synthesis approaches commonly differ significantly from solid state re-
actions as NC materials feature uniquely altered properties (see 2.2). CI(G)S
NC syntheses in this work are based on one-pot and modified ”hot injection”
approaches as it proves to be extremely difficult to synthesize the binary NC
compounds copper selenide, indium selenide and gallium selenide for combi-
nation of the materials in satisfying quality.

The investigated syntheses lead to the assumption that the formation
mechanism of CIS NCs follows the solid state reaction mechanism via (A)
and (B) described above. For CIGS NCs the interdiffusion reaction (D) is
assumed as NC products exhibit a relatively low but reproducible gallium
content. [°!



2.1 CulnSe; and Culn; ,Ga,Se,

Three different types of chalcopyrite NCs are investigated:
- Trigonal pyramidal CulnSe,
- Elongated CulnSe,
- Culn;Gay,Ses

Trigonal pyramidal CulnSe, NCs are synthesized by a modified hot injection
method (see 2.2 and 5.1.1) whereas elongated CulnSe, and Culn;_,Ga,Se,
NCs are formed by one-pot syntheses.
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Figure 2.3: LaMer diagram for nucleation and groth, adapted form LaMer
and Dinegar. !

2.2 Nucleation and Growth in Nanocrystals

In 1950 LaMer and Dinegar presented a model for the formation of monodis-
perse sulfur hydrosols which is still widely used to generally describe nucle-
ation and growth processes in three stages for colloidal systems pictured in
Figure 2.3.

Metal salts (copper, indium and gallium halides in this study) are used as
precursors for NC syntheses. These metal salts are reduced up to a saturation
concentration in stage I (see Figure 2.3) to form so called (elemental metal)
monomers in solution. This process normally takes place at high reaction
temperatures and fast addition of the precursors until a critical concentration
of monomers is reached and supersaturation arises in stage II. At this stage
spontaneous homogeneous nucleation sets in and small nuclei are formed
very rapidly in stage II. The point of nucleation thereby limits the state
of supersaturation. In stage III the growth process of the formed nuclei is
nurtured by the remaining monomers. [

To obtain narrow size distributed NCs, the nucleation burst in stage II
has to be kept as short as possible and separated from the growth of the
formed nuclei. An effective separation of nucleation and growth is achieved by
using the hot injection method for syntheses pioneered by Murray, Norris and
Bawendi et al.'”) The precursors for the monomer formation are added to the
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reaction at a very fast rate to enable a short nucleation burst. Subsequently
the reaction temperature is decreased to allow growth of the NCs and prevent
further nucleation.

The NC reactions in this study fail to be conducted by hot injection meth-
ods following the classical LaMer nucleation and growth model. The in-
vestigated syntheses are mostly one-pot approaches including the complete
combination of the educts to start the reaction at elevated temperatures.
Nucleation and growth cannot be exactly separated by this procedure.

One crucial factor for the one-pot approach are the third main group el-
ements indium and gallium, present in all investigated NC types. Indium
and gallium exhibit a high covalent bond share in related compounds. ! An
ionic monomer formation of indium and gallium is rather unlikely as the
bare atoms and ions are chemically unstable, so that precursors for third
main group elements containing syntheses often have to be strongly com-
plexed. This leads to high temperatures to surpass the activation energy for
reaction. [

A distinct separation of nucleation and growth processes, as in the case of
I1-VI NC syntheses!!%'314 has so far not been achieved for third main group
containing synthesis approaches. '

However, in this work it is shown that it is possible to obtain narrow size
distributed I-IT1I-VI; and I1I-V NCs. The results can be explained by adapting
a model very recently described by Buhro and co-workers.!'®) They charac-
terize the fact that many NC syntheses fail to be explained solely by classical
nucleation and growth processes and expand the concept by introducing ag-
gregative nucleation and growth. Aggregative nucleation and growth means
that at the beginning of the reaction very small NC cluster are formed, so
called primary NCs, that in the course of the reaction aggregate, coalesce and
finally recrystallize to form bigger and (often) narrow size distributed NCs.
This process has been directly observed for example for metal platinum NCs
by Alivisatos and co-workers in a liquid cell inside the TEM. [19]

Furthermore Buhro and co-workers describe that aggregative nucleation
and growth is highly dependent on the colloidal instability of the primary
NCs leading to aggregation. !>l The colloidal stability of the primary NCs
therefore is directly dependent on the precursor concentration, reaction tem-
perature and stabilizer/solvent that leads to their formation. As intention-
ally destabilizing primary NCs by varying the stabilizer and/or solvent yields
changed growth conditions, one should be able to control NC syntheses. It
is thereby crucial to consider that aggregative nucleation and growth and
classical LaMer nucleation can co-exist or both occur time-shifted. **!
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By applying the aggregative nucleation and growth model to the forma-
tion of Culn(Ga)Se, NCs (see 3.1, 3.2 and 3.3), one can excellently describe
and explain the initial formation of smaller primary CI(G)S NCs in solution
merging into the formation of bigger crystallites. ['*:1%

The formation of two-dimensional In Se, nanosheets (see 3.10) can be
likewise explained by the aggregative nucleation and growth concept. Their
lateral growth is possible via oriented attachment, which is a form of aggrega-
tive growth of exceptionally small NCs (by stabilizing effects of the ligand
and solvent). [*®!

The formation of GaAs NCs represents the combination of the classical
LaMer model with the aggregative one. First, elemental gallium monomers
are formed by reducing the gallium halide precursors with n-butyllithium.
These seeds are assumed to nucleate small primary GaAs NCs which grow

in a subsequent step at high temperatures to yield bigger but narrow size
distributed GaAs NCs.[12

10
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2.3 Application of CulnSe; and Culn{,Ga,Se;
Nanocrystals in Quantum Dot Solar Cells

Size quantization effects in crystalline semiconductor materials set in when
the crytallite size reaches the size of the BOHR exciton radius of the material
and have been widely described, characterized and investigated in the last
30 years.[?*23] The band gap of NC materials can be controlled and varied
by changing the NC size whereby its energy increases with decreasing NC
diameter. This effect leads to intriguing and useful altered properties of the
semiconductor materials.

The band gap alteration in NCs can commonly be determined by absorp-
tion measurements which depict maxima for discrete excitonic transitions of
numerous semiconducting NC materials.

CulnSe, exhibits a BOHR exciton radius of 10.6 nm. This means that
size quantization effects in CIS should set in when NCs reach sizes around
20 nm. ?%?3 However, absorption spectra of CI(G)S NCs investigated in this
work lack distinct excitonic absorption features. This phenomenon is in
accordance with observations made by Zhong et al. 2?7 and others!2%2
who attribute this behavior to the existence of inherent and surface traps in
the NCs blurring absorption maxima.!'® Nevertheless, the slightly increased
band gap in CI(G)S NCs is determined by applying the direct band gap
method of Tauc et al.*” (see 3.2 and 3.3).

[24,25)]

One crucial problem in easily processing CulnSe, and Culn; ,Gay,Se, for
solar cell applications is their relatively complicated crystal system (see 2.1).
Commonly used reaction pathways for thin films involve evaporation of the
reaction components at high vacuum and selenization methods which are
expensive, complex and hazardous and do not always assure a distinct stoi-
chiometry of the materials. *1-33]

Furthermore, usually high reaction temperatures limit the use of substrates
for depositing the materials. Especially in the sector of flexible applica-
tions this fact seriously confines the use of gas phase reaction processed
Culn(Ga)Se,.

An alternative way to control the desired stoichiometry of CI(G)S and
avoid hazardous reactions from the gas phase are wet-chemical synthesis ap-
proaches for CI(G)S NCs. Colloidal CI(G)S NCs from solution have distinct

favorable properties compared to solid state materials:

1. For CI(G)S NCs the tunability of the band gap resides in the range
of 1.04 eV for pure CulnSe, and 1.68 eV for pure CuGaSe, by either
incorporating gallium into the crystal lattice or reducing the NC di-

11
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ameter. A combination of both factors leads to improved flexibility in
processing.

. Wet-chemically produced NCs can be easily and scalably applied onto

different surfaces and flexible substrates by spin-coating, dip-coating,
spray painting, ink-jet printing and roll-to-roll techniques. This offers
an unprecedented freedom in the solution-processability of the materi-
als.

. Densely packed monolayers of NCs can exhibit a five-fold absorption

enhancement per quantum dot compared to NCs in solution. This
behavior can be explained by improved dipolar coupling in close mono-
layers and emphasizes the useful properties of NCs for solar cells.

. The tunability of the NC band gap enables the assembly of multi-

junction quantum dot solar cells. Their advantage is that they can
significantly surpass the SHOCKLEY-QUEISSER limit® of ~33 % on
single-junction power conversion efficiency. [*%!

. In semiconductor NC materials the process of Multiple Exciton Gener-

ation (MEG) can occur. Here, a high energy photon creates multiple
excitons, respectively charge carriers, instead of creating just one exci-
ton and losing additional energy as heat.?38 The effect has been used
recently for highly efficient solar energy harvesting. [*%4%!

Key points (3)-(5) are promising ways of utilizing NCs and show first

research level applications. In this work, points (1) and (2) are comprehen-
sively elucidated and improved to produce CI(G)S NCs suitable and usable
for these applications in the near future.

12
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Figure 2.4: Oleylamine as initial ligand in CI(G)S NC syntheses.

2.4 Initial Ligands and Ligand Exchange

One problem that has to be addressed in wet-chemically processed NCs is
the way they are stabilized. To be accessible and profitable in electronic
applications like solar cells, NC materials have to be highly conductive.

However, most NCs are stabilized with organic long-chained capping mole-
cules, so called ligands*! | that on the one hand secure solution-processability
but on the other hand prevent interparticle charge carrier transport and hence
conductivity in NC films.

This general problem is addressed in this work by ligand exchanging CI(G)S
NCs with a thermally degradable ligand and enhancing the interparticle com-
munication in associated NC solids (3.8 and 3.9).

2.4.1 Initial Ligands

The initial ligand oleylamine (OLA, see Figure 2.4) used for CI(G)S NC
syntheses is widely used as stabilizer in NC systems. It is liquid at room
temperature, has a boiling point of ~350 °C and can therefore be used as
stabilizer and high boiling solvent at the same time.

The long-chained organic molecule with the double bond is assumed to
form metal coordinating complexes as precursors for the formation of the
NCs.*? The amine group thereby binds to the metal clusters or primary NCs
during nucleation and growth and eventually to the atoms on the surface of
the NCs. The double bond of the compound helps to effectively decompose
the selenium precursors to yield reactive selenium species for the crystallite
formation. Oleylamine undergoes special reaction pathways with the most
commonly used selenium precursor for NC syntheses in this work: selenourea
(SeC(NH,),).

The provision of reactive selenium species for the reaction with the cop-
per, indium and gallium precursors thereby can be described by adapting a
concept for the reaction of sulfur and selenium with double bonds made by
Bullen et al.[*’!

As selenium is known to undergo vulcanization reactions very similar to
sulfur, selenium species released from selenourea can react at elevated tem-
peratures with oleylamine and form cyclic octaselenium, chain-like selenium
and short selenium bridges coordinating to its double bond (see Figure 2.5).

13



2 Background Information and Theory

—C|:(|3(||_|)— / Xn ||
[ Xn 7C|7(H}(H:7
7C207ﬁi \ [
—C-C-CH
x.nl \
_(F_Cl_ﬁ_
L X,n| [
X,anH
ks d

Figure 2.5: Possible vulcanization reactions of reactive selenium with
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Figure 2.6: Addition of selenium species to the 1-octadecene and the oley-
lamine double bond. 4!

The reaction was proven for elemental selenium coordinated to 1-octadecene
and is also very reasonable for the addition to the double bond of oleylamine
(see Figure 2.6). For the course of the reaction, oleylamine is used as the sole
ligand. However, after the CI(G)S formation, the obtained NCs are further
stabilized by the addition of n-Trioctylphosphin (TOP).

As TOP is known to strongly bind to selenium atoms!*¥ and dangling
bonds of unsaturated sulfur and selenium atoms on the NC surface®, it is
used to additionally improve colloidal stability of the pristine CI(G)S NCs.

44]

2.4.2 Ligand Exchange

A certain advantage of oleylamine is that it is relatively weakly bound to
the NC surface, so that ligand exchange reactions can be easily performed.

14
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Figure 2.7: 1-Ethyl-5-thiotetrazole (ETT) as thermally degradable ligand for
CI(G)S NCs.
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Figure 2.8: 1-Methyl-5-thiotetrazole (MTT) as thermally degradable ligand
for CI(G)S NCs.

To improve the performance of Culn(Ga)Se, NCs in electronic applications,
they are ligand exchanged from OLA to 1l-ethyl-5-thiotetrazole (ETT, see
Figure 2.7). ETT has shown its suitability as thermally degradable ligand
and sulfur source in the synthesis of CdS NCs.[*? It decomposes without
leaving organic residues (see 3.5) and can be synthesized according to well
established literature procedures. 4748l

ETT is applied to CI(G)S NCs to produce virtually bare NCs from wet-
chemical solution for the first time. ['®!

For comparison of the general applicability of thiotetrazole-based ligands
for CI(G)S NCs, 1-methyl-5-thiotetrazole (MTT, see Figure 2.8) is likewise
used for ligand exchange of the NCs. The compound is commercially avail-
able.

The third CI(G)S NC surface treatment is conducted with Meerwein’s salt
(Et;OBF,) which is known to strip oleylamine off NC surfaces and should
also lead to ligand-free NCs. [49]

The ligand exchange and the surface treatment results for CI(G)S are com-
pared and ranked for their compatibility with efficiently enhanced electrical
transport properties of the NCs (see 3.5 and 3.9).

15
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2.5 Electrical Transport in Nanocrystal Solids

As charge carriers have to travel through interparticle distances from one
NC to the next, efficient electrical transport is strongly dependent on the
dielectric medium surrounding the NCs,; the ligands. Most ligands are long
hydrocarbon-based ones, representing significant tunneling barriers for charge
carriers and resulting in poor electrical transport in these assemblies as charge
carriers fail to overcome the interparticle medium. "

The goal hence for NC solids is to improve the so called Coupling Energy
S (see equation 2.1) which increases with decreasing interparticle distance,
so that NCs can couple more efficiently for electrical transport.® 3 is char-
acterized by 7052

B~ hT (2.1)

whereas h is the Planck’s constant and I the tunneling rate which is described
by [50,52,53]

T ~exp{—2(2m"AE/h?)2 Az} (2.2)

where m” is the effective mass of the charge carriers, and AE and Az are
the height of the tunneling barrier and the distance between two adjacent
NCs. [7:50]

From equation 2.2 one can derive that the tunneling rate drops expo-
nentially with increasing Az (the interparticle medium, ligand length) and
is a little less dependent of the barrier height AF and the effective mass
m”. This means that by reducing the interparticle medium, respectively
distance, stronger coupling and associated improved electrical transport is
achieved. [18:50,54,55]

Additionally to the Coupling Energy the Coulomb Charging Energy (E.) is
important for electrical transport. For an electron to travel between two NCs,
E. represents the additional energy required for the NC to be charged with
an additional electron. E. and the radius (r) of the NC are inversely related,

this means, the smaller the NC, the higher E, (see equation 2.3):[?%:51,56,57]

E, = é*/(4mepmeor) (2.3)

€o is the vacuum permittivity, e, the dielectric constant of the NC surround-
ing medium and e the unit charge.

Electronic or structural disorder (A«) is the last component in the de-
termination of the electrical transport in NC assemblies. Wet-chemically
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2.5 Electrical Transport in Nanocrystal Solids

produced NCs always show derivation from the ideal case and exhibit differ-
ent NC sizes and hence energies for charge carriers to travel the NCs. The
migration rate of charge carriers thereby drops with increasing disorder. **52

The goal for researchers to accomplish is the combination of an efficient and
high Coupling Energy and Tunneling Rate with a small Coulomb Charging
Energy of the NCs at a reasonable crystal size permitting size quantization
effects. In an ideal case the NCs show as little electronic and structural
disorder as possible.

Lastly it has to be stated, that different charge transport mechanisms in
NC solids are possible, namely sequential tunneling and thermally assisted
nearest-neighbor hopping.®” Both mechanisms can be only distinguished
from each other by their differing temperature dependencies of the conduc-
tivity of the investigated NCs.[?%58 Mentzel et al. thereby showed that con-
ductivity of different semiconductor NCs capped with bulky ligands occurred
via nearest-neighbor hopping. *®

The formation of tunneling barriers from bulky ligands, used in NC syn-
theses, represents a crucial drawback still preventing most NC species from
being accessible and profitable for electronic applications.

Wet-chemical approaches on the one hand represent low-cost ways to syn-
thesize the material but on the other hand the obtained NCs are commonly
stabilized with long-chained organic capping agents that secure stability in
solution and prevent aggregation. At the same time, these organic surfactant
molecules inhibit electronic interparticle interactions resulting in insulating
behavior of NC assemblies (see above). 5

There are ways to increase the conductivity in NC solids for example by
using inorganic metal chalcogenide complex ligands (MCCs) %% but these
involve the use of toxic and hazardous anhydrous hydrazine and are hard to
apply in industrial large-scale dimensions.

Chemical treatments with 1,2-ethanedithiol® and ethanethiol(®? show
that photovoltaic device efficiency and electrical transport of NC films can
be enhanced but ligand exchange is performed after the deposition of the
NCs confining the flexibility of device fabrication.

Further approaches like the use of thiocyanate as capping agent[®? and
Meerwein’s salt*?! for removing stabilizing amines, carboxylates and phos-
phonates have not yet been shown for CI(G)S NCs. Recent results in strip-
ping ligands off of NC surfaces with (NH,),S%% may be promising but have
to show their abilities in determining the electrical transport properties of
the NC materials. [**!

In this work, electrical transport in the chalocopyrite NC system CI(G)S
is investigated upon exchange from the initial oleylamine ligand shell to the
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2 Background Information and Theory

thermally degradable 1-ethyl-5-thiotetrazole molecule (see 3.9). The capa-
bility of ETT as ligand and reactant for CdS NCs has been first described
by Voitekhovich et al.[*! In this work, it is successfully implemented for the
first time for CI(G)S NCs. 8!
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2.6 Indium Selenide and Assembly of 2D Indium Selenide Nanosheets
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Figure 2.9: Phase diagram of numerous indium selenide phases and stoi-
chiometries. ™!

2.6 Indium Selenide and Assembly of 2D Indium
Selenide Nanosheets

Indium selenide is an interesting semiconductor material existing in many
different phases and stoichiometries due to valence electron number mismatch
of the components (In"" and Se'").[6%]

Stoichiometries found include InSel"%% IngSe, 167 and In,Se, 6869,

In,Se; thereby occurs in five different phases «, 3, v, ¢ and x, whereas the
most stable phases are the «,  and ~ phase. 657073l

Figure 2.9 depicts the complicated phase diagram of the compound. (™

In this work, first synthesis and characterization results for two-dimensional
exceptionally thin layered In Se, nanosheets are shown. The formation mech-
anism of the structures can be described by aggreagative growth and as-
sociated oriented attachment of indium selenide to yield two-dimensional
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2 Background Information and Theory

crystalline structures when the copper component in CulnSe, syntheses is
omitted (see 2.2).17!

Depending on the reaction time, the obtained nanosheets either show a
hexagonal or a trigonal form. This observation is explained with a concept
of Hayashi et al."™ They describe the hexagonal InSe phase to exhibit two
types of growth direction known to feature different reactivity towards the
incorporation of selenium into the compound. (™!

By providing an excess of selenium, both possible growth directions of the
InSe structure can be supplied adequately for reaction and the InSe structures
grow hexagonal. In contrast, a decrease of selenium in reaction leads to the
formation of rather trigonal InSe.

The model of Hayashi et al. is in accordance with the obtained results and
has been adapted by other groups to describe the two-dimensional growth of
indium selenide nanostructures before. 77!

By further elucidating the stoichiometry and dimensions of the processed
In,Se, nanosheets it will be possible to determine the electrical transport
properties of the materials.
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2.7 Gallium Arsenide

2.7 Gallium Arsenide

I11-V semiconductor compounds, GaAs in particular, can be classified as ba-
sic materials in fabricating modern optoelectronic devices and solar cells. 777
GaAs is a direct band gap material (1.42 eV at 300 K) %81 showing supe-
rior electronic properties to commonly used silicon with an indirect band
gap (1.12 eV at 300 K)®. GaAs has a higher electron mobility allowing
devices to be operated at frequencies above 250 GHz. Additionally its band
gap is much closer to the optimum for reaching best conversion efficiencies
at AM1.5-1 calculated to be 1.34 eV.[282

However, the use of GaAs has been restricted as there are difficulties in
growing and optimizing the material. This, up to now, has made GaAs-based
solar cells too expensive to be used as standard solar cell material. As well as
in solid state research, colloidal GaAs and different other III-V semiconduc-
tor NCs have attracted much attention and significant technological interest
in the field of NC research in the last decade because of their exceptional
properties associated with their intrinsic properties and the quantum con-
finement (see 2.3) . Due to its large exciton diameter of 19 nm, quantum
confinement effects in GaAs should already occur at rather big crystallite
sizes. 18384

Nevertheless, difficulties in establishing applicable and feasible synthesis
routes have strongly restricted the exploration and utilization of size depen-
dent properties in nanocrystalline III-V materials up to now.®3 The rela-
tively high covalent character in the tetrahedral bonded atomic lattice of
ITI-V semiconductors causes problems in effective NC synthesis. The ionic
precursor reaction routes used to obtain monodisperse, well defined II-VI
NCs like CdSe 11314 fai] for most I1I-V semiconductor syntheses because of
the instability of bare atoms of the third and fifth main group (see 2.2).12

However, there are few methods to obtain nanocrystalline GaAs mate-
rial. Non-wet-chemical ways like metal organic chemical vapour deposition
(MOCVD) may result in very uniform and clean GaAs structures without
crystal defects!®®9 but highly toxic precursors like arsine and pyrophoric
substances like trimethylgallium are used for this assemblies, so that many
attempts have been made to find a less toxic and more cost-effective wet-
chemical route for high quality NCs.

The few existing wet-chemical ways are mainly based on the dehalosyla-
tion reaction established by Wells et al. Herein a gallium or indium salt
was reacted with highly toxic tris(trimethyl)silylarsine ((TMS),As) in a high
boiling solvent.®” A modification of the dehalosylation reaction by Kher and
Wells resulted in nanocrystalline GaAs structures.®® Olshavsky et al. and
Uchida et al. synthesized GaAs NCs with (TMS),As in quinoline. 848990
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2 Background Information and Theory

Butler et al. prepared GaAs nanocrystalline material based on the method
of Wells et al. and discussed optical properties of the obtained material. !
Janik et al. presented a way to obtain GaAs by using a single source pre-
cursor [H,GaAs(SiMe,)],. Subsequent pyrolysis resulted in the formation of
GaAs. 92 Malik et al. showed absorption measurements of GaAs NCs synthe-
sized from GaCl, and As(NMe,),.[% GaAs NCs obtained by the described
routes lack monodispersity and crystallinity.

With a special eye on the reactivity of the third main group element of
ITI-V compounds, tailored III-V NCs are obtained by applying a general
synthesis approach.

This work has been carried out in collaboration with Dr. Tim Strupeit who
first discovered and described the GaAs synthesis in his thesis.["¥ Building
on these results, I continued and elaborated the work which resulted in a
joined publication in Chemistry of Materials.'?

A simple solution-processed synthesis route for GaAs NCs with narrow size
distribution and high crystallinity using wet-chemical methods and commer-
cially available inexpensive precursors with reduced toxicity is presented.
The reaction pathway can be described in three steps, starting with a trans-
metalation reaction between the gallium(IIT) halide precursor GaCl; and the
reduction agent n-butyllithium. At elevated temperatures, elemental gal-
lium is released in this process and enables the formation of GaAs NCs with
magnesium arsenide (Mg,As,) as arsenic source. 2!

A variety of different III-V semiconductor NCs including GaAs, InP, InAs
and GaP are obtained using this transmetalation reaction pathway.
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3 Results and Discussion

This chapter includes the synthesis, characterization and improvement of the
three chalcopyrite NC types chosen for investigation by synthesis variations.

First, the consecutive progress of Culn(Ga)Se, NCs suitable for ligand
exchange in terms of precursor choice, size distribution and crystallinity is
described.

Second, the successful ligand exchange and functionalization of CI(G)S
NCs with different ligands, mainly 1-ethyl-5-thiotetrazole, is proven by com-
prehensive analysis of the ligand exchange process. This includes Attenu-
ated Total Reflectance Fourier Transformation Infrared Spectroscopy, Ther-
mogravimetric Analysis, X-ray Photoelectron Spectroscopy and Small Angle
X-ray Scattering measurements.

The readily feasible thermolysis of the applied thioterazole-based ligands
for the first time leads to the formation of virtually bare surfaced chalcopyrite
NCs.

In-situ X-ray Diffraction and in-situ Transmission Electron Microscopy
heating experiments emphasize the full benefit of the ligand-free CI(G)S NCs
that can be sintered at moderate temperatures without altering the chalcopy-
rite crystal phase and stoichiometry of the material and yielding crystalline
quasi-solid state assemblies.

Third, densely packed NC films of the ligand exchanged CI(G)S NCs are
produced and the electrical transport properties and conductivity of 1-ethyl-
5-thiotetrazole and 1-methyl-5-thiotetrazole stabilized NCs are specified prior
to and after thermolysis of the particular ligand.

These conductivities are then related to electrical transport properties de-
termined exemplarily for oleylamine stabilized CI(G)S NCs. Conductivity
measurements reveal that formerly 1-ethyl-5-thiotetrazole and 1-methyl-5-
thiotetrazole stabilized NC films after thermolysis of the ligand exhibit sig-
nificant enhanced electrical transport compared to oleylamine stabilized NC
films. Additionally, oleylamine stabilized NCs feature undesirable carboniza-
tion effects.

In the further course of the chapter the formation of two-dimensional
In,Se, nanosheets is discussed which are obtained by varying the reaction
conditions for CI(G)S syntheses. The formation of In,Se, nanosheets of-



3 Results and Discussion

fers insights into aggregative nucleation and growth and oriented attachment
processes.

The chapter closes with the successful general synthesis approach for nar-
row size distributed GaAs and associated III-V semiconductor NCs which
has not been possible before.
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3.1 Trigonal pyramidal CulnSes

Figure 3.1: A typical NC synthesis result for trigonal pyramidal CIS with (a)
an overview and (b) a single CIS NC.

3.1 Trigonal pyramidal CulnSe;

Trigonal pyramidal CIS synthesized according to Koo et al.*®! exhibit a broad
size distribution of 19 nm (average longest edge length, £6 nm, see Figure
3.1 and 3.3b for size histogram of the NCs). Trigonal pyramidal CIS are
initially capped with oleylamine assuring their colloidal stability but leading
to etching of the NCs within a short period of time.[® Figure 3.2 shows
the NCs’ associated XRD pattern with vertical red lines indicating the cor-
responding solid state tetragonal CulnSe, reflexes (JCPDS #00-40-1487).
Figure 3.3a shows a Vis-NIR absorption spectrum of trigonal pyramidal CIS
without distinct excitonic transition features. This absence can be explained
by intrinsic defects in the tetragonal distorted chalcopyrite crystal structure
and surface originating trap states in the CIS NCs. [18:26-29]
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Figure 3.2: XRD pattern of trigonal pyramidal CIS NCs with the associated
CulnSe, reference (JCPDS #00-40-1487).
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Figure 3.3: (a) Vis-NIR absorption spectrum of trigonal pyramidal NCs and
(b) associated size distribution histogram.
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3.2 Elongated CulnSe,

(a) - b)

Figure 3.4: (a) Elongated CIS NC synthesis overview with (b) high resolution
image of CIS NCs.

3.2 Elongated CulnSe;

Elongated CIS NCs with a small size distribution are obtained by varying
a synthesis method of Panthani et al.'” Elemental selenium as precursor is
replaced by more reactive selenourea (see 3.4.1). With this slight synthesis
variation the reaction time is reduced from four hours to one hour and the
uniformity of the NCs is increased (see Figure 3.4 for TEM images and Figure
3.12 on page 35 for comparison). The NCs have a mean size of 7 nm (£2 nm)
(see Figure 3.5b) and are slightly elongated.

XRD patterns of elongated CIS NCs show the chalcopyrite crystal phase
with slightly broadened reflexes compared to trigonal pyramidal CIS XRD
patterns (see Figure 3.5a).

Generally, constructive interference of incident X-rays with lattice planes
of crystals results in observable diffraction reflexes under a specific angle (0)
if BRAGG’s law is valid. This is only the case, when the path difference of
X-rays interfering with crystal lattice planes (with spacing d), is a multiple

integer of the X-rays’ wavelength (see BRAGG equation 3.1): %)

n-A=2d-sinf (3.1)

where n is an integer, A is the wavelength of incident X-rays, d is the spacing
of the atomic lattice planes and 0 is the angle between the incident X-ray
and the lattice plane normal.

A NC powder XRD sample contains a statistical number of NC lattice
planes contributing to the detected reflex pattern under BRAGG conditions.
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Figure 3.5: (a) XRD of elongated CIS NCs, vertical red lines indicate the
CulnSe, reference (JCPDS #00-40-1487) and (b) size distribu-
tion histogram of the NCs.

Amongst other possible origins like crystal lattice stress/strain, broadening
of reflex patterns in NC samples is often caused by the limited dimensions
of the crystalline domains.

Broadening of the reflexes of elongated CIS NC’s XRD in comparison with
trigonal pyramidal CIS NC’s reflexes in particular occurs, as by stepwise
decrease of the NC size, the number of NC lattice planes, perfectly meeting
the BRAGG conditions decreases as well. With fewer atoms and more small
atomic imperfections contributing to the XRD pattern, the elongated CIS
NC’s diffractogram is composed of the averagely broadened reflex value.

Absorption spectra of elongated CIS NCs exhibit a shoulder in the mea-
surement curve at 932 nm. By using the direct band gap method,” the
energy of the band gap is plotted against the square of the absorbance a?2.
The tangent applied to the function and extrapolated to the x-axis is used
to estimate a band gap of 1.3 eV for elongated CIS NCs (see Figure 3.6b).
This value is blue-shifted compared to 1.0 eV for bulk CulnSe, and indicates
quantum confinement.

However, it has to be noted that the band gaps obtained by the Tauc-plot
are to be understood only as approximations as the size distribution of the
CI(G)S NCs and the application of tangents to the obtained curves lead to
possible deviations of band gap values.

Elongated CIS NCs are compared with trigonal pyramidal CIS to investi-
gate the possible influence of quantum confinement effects on the electrical
transport properties of the CulnSe, materials. Furthermore, the effect of
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Figure 3.6: (a) Vis-NIR absorption spectrum of elongated CIS with a slight

shoulder at 932 nm and (b) a Tauc-plot approximated band gap
of 1.3 eV.

different CIS NC sizes on the ligand exchange behavior and processability of
the NCs is determined.
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() (b)

Figure 3.7: (a) A typical CIGS NC synthesis overview and (b) high resolution
TEM images of CIGS NCs.

33 Culnl_xGaxSez NCs

Culny_,Ga,Se; NCs are synthesized according to a slightly varied reaction
procedure of Panthani et al.' As described in 2.1, the formation of CI(G)S
NCs occurs via interdiffusion of the ternary compounds CulnSe, and CuGaSe,.
The formation of CuGaSe, proceeds slower than the formation of CulnSe,
(as the CuGaSe, reaction starts from Ga,Se;, exhibiting slower reaction ki-
netics than the formation of InSe for CulnSe,) and the interdiffusion of the
two ternary compounds lacks entirety.

The size of the obtained NCs is uniform with a mean diameter of 6 nm
(£1 nm) (see Figure 3.7 for TEM images and 3.8b for histogram). XRD
patterns exhibit a Culn;_,Ga,Se; composition close to the stoichiometry
Culng 75Gaga5Sey described by Hergert et al. (see Figure 3.8a). [0

Absorption spectra lack an excitonic transition shoulder like described for
CIS NCs in 3.2. By applying the direct band gap method, CIGS NC’s band
gap is initially approximated to ~1.3 eV (see Figure 3.9b).

Energy Dispersive Spectroscopy (EDS) of two typical NC batches exhibits a
reproducible gallium content between 3.42 and 13.83 atom percent in CI(G)S
NCs (see Figure 3.10 respectively 3.11 and tables 3.1 and 3.2).

The CI(G)S NC synthesis results show that reproducible incorporation of
high gallium amounts is a critical issue in wet-chemical NC syntheses.
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Figure 3.8: (a) XRD of CIGS 2 OLA NCs, vertical red lines indicate the

Culn, ;5Gag 955€e, reference (JCPDS # 00-035-1102) as closest
match and (b) a size distribution histogram of CIGS 1 OLA NCs.
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Figure 3.9: (a) Vis-NIR absorption spectrum of CIGS NCs with (b) an esti-
mated direct band gap of ~1.3 eV.

CIGS 1 OLA

Error

Atom%

Element

0.92
5.23
0.29
0.54

15.63
3.42
58.05
22.90

Cu K"

Ga L'
Se (Ref.) L

In L~

Table 3.1: EDS of CIGS NCs in atom%.
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Figure 3.10: EDS of CIGS NCs containing 3.42 atom percent gallium.
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Figure 3.11: EDS of CIGS NCs containing 13.83 atom percent gallium.
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CIGS 2 OLA
Element Atom% Error
Cu K" 16.16 2.54
Ga L* 13.83 3.69
Se (Ref.) L"  47.65 1.01
In L 22.35 1.58

Table 3.2: EDS of CIGS NCs in atom%.

However, the obtained CI(G)S NCs exhibit quantum confinement effects
with an increased estimated band gap of ~1.3 eV. This value is higher than
the value for common thin film Culn;_Ga,Se; solar cells with a gallium ratio
of ~7 % and a band gap of ~1.15 eV.[!

The three processed chalcopyrite NC types are used to compare their suit-
ability for forming solution-processed, ligand-free NC solids with enhanced
electrical transport properties.
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3.4 Choice of Precursors

Different results obtained throughout the course of this study show that
the reactivity of the precursors is crucial for a reaction to yield crystalline
and narrow size distributed NC products. Third main group components
in CI(G)S NCs have to be carefully adjusted in reactivity to the selenium
precursor as they exhibit a high degree of covalency in chemical bonds which
has to be considered when choosing possible precursors (see 2.2). 112!

In a successful synthesis, the reactivity of the selenium precursors is em-
pirically adapted to indium and gallium halides used as precursors.

3.4.1 Selenourea

The syntheses described in 3.1, 3.2 and 3.3 are conducted with selenourea
as precursor and yield the best and most reliable results for the investigated
reactions.

The reactivity of selenourea on the one hand is high enough to allow for a
controlled reaction with the indium and gallium precursors but on the other
hand the compound is chemically stable enough to enable moderate reaction
conditions. Selenourea features complete solubility in OLA at temperatures
between 205 and 215 °C leading to a high transformation rate of the com-
pound in reactions. However, due to its toxicity selenourea is handled with
care (see 5.1.1, 5.1.2, 5.1.3 and 5.7).

Selenourea is applied exclusively for the formation of CI(G)S NCs used for
ligand exchange and electrical transport measurements.

3.4.2 Selenium

Attempts with elemental selenium as precursor generally require longer reac-
tion times and yield less uniform NCs (see Figure 3.12). Selenium is soluble
in oleyalmine at higher temperatures (>200 °C) but its transformation rate
for NC reactions is significantly lower compared to reactions with selenourea.

CI(G)S NCs synthesized with elemental selenium as precursor are there-
fore excluded from ligand exchange reactions and electrical transport mea-
surements.

3.4.3 Bis(trimethylsilyl)selenide

Bis(trimethylsilyl)selenide ((TMS),Se) is a highly reactive selenium precur-
sor. Following a dehalosilylation approach first described by Wells et al. "
(TMS),Se is used in CIS NC syntheses with indium(III) chloride and Cu(I)
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3.4 Choice of Precursors

Figure 3.13: CulnSe, NCs obtained with (TMS),Se as precursor.

acetate as reactants. Its transformation rate for CIS NC syntheses is excep-
tionally high compared with the transformation rate of selenourea.

Due to its high toxicity, moisture sensitivity and volatility, (TMS),Se has
to be handled extremely careful under SCHLENK-conditions or working inside
a nitrogen filled glovebox.

Figure 3.13 depicts (TMS),Se-based CIS NCs. The obtained particles
exhibit uniform sizes of ~22 nm and feature the same chalcopyrite crystal
structure as trigonal pyramidal and elongated CIS (see Figure 3.14 for XRD
with narrow reflexes).

To obtain statistical data for this work, many CI(G)S NC syntheses were
carried out and prepared for ligand exchange and electrical transport mea-
surements. The practicability of (TMS),Se as selenium precursor is limited
by its high toxicity and associated safety precautions. Furthermore, the price
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Figure 3.14: XRD pattern of CIS NCs obtained with (TMS),Se as precursor
with red lines indicating the CulnSe, reference (JCPDS #00-
40-1487).

of the compound is significantly higher than the price of selenourea which
represents a better precursor for the CI(G)S NCs investigated.

However, when planning to synthesize novel chalcopyrite NCs in terms of
NC morphology (e.g. exceptionally big as well as exceptionally small NCs)
(TMS),Se represents a valuable precursor.

3.4.4 Copper Precursors

Copper(I) acetate and copper(I) chloride are used as copper precursors. The
compounds have shown to be reactive in the formation of Culn(Ga)Se, NCs
with Cu™ stoichiometry. XPS measurements show that Cu™ in obtained
CulnSe, retains its oxidation state and is not oxidized to Cu®* (see 3.7).

3.4.5 Indium and Gallium Precursors

Indium(I1T) precursors other than indium(III) halides lack the formation of
Culn(Ga)Se, or In,Se, NCs. The use of indium(IIT) acetate and indium(IIT)
acetylacetonate in combination with selenium as precursor leads to the for-
mation of indium oxide NCs and structures.

Indium(IIT) chloride is used as sole indium(III) precursor in this work as
it has shown its suitability for third main group containing NC syntheses in
previous studies. '
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3.4 Choice of Precursors

For the formation of CIGS NCs, gallium(ITI) iodide is chosen as gallium
precursor. The formation rate of Ga,Se; occurring during reaction is smaller
than the formation rate of InSe (see 2.1)Pl. In good correlation with the
Hard and Soft Acids and Bases (HSAB) principle introduced by Pearson,
the leaving group ability of the indium(IIT) and gallium(III) halides enhances
from fluoride over chloride and bromide to iodide; the bigger the halide, the
better its ability to stabilize a negative charge.!'2°79! This ability leads to
the assumption that indium and gallium available for the CIGS NC reaction
is formed the slowest from indium(III) and gallium(III) fluorides and the
fastest from indium(I1I) and gallium(III) iodides and verifies the combination
of InCl; and Gal; as precursors for CIGS NC syntheses.

By carefully combining the reactivities of the precursors, it is possible to
obtain high quality CI(G)S NCs in terms of reproducibility, crystallinity and
size distribution.
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3 Results and Discussion

3.5 Ligand Exchange and Nanocrystal Surface
Modification of CI(G)S

This section deals with the functionalization of the obtained CI(G)S NCs
with respect to their applicability as wet-chemical ”inks” for ligand-free NC
solids.

Two thiotetrazole-based ligands, mainly 1-ethyl-5-thiotetrazole (ETT) and
1-methyl-5-thiotetrazole (MTT), are used for testing their stabilizing effect
on CI(G)S NCs. 1-Ethyl-5-thiotetrazole is synthesized by well established
literature procedures, “7*¥] whereas 1-methyl-5-thiotetrazole is commercially
available.

The results described within this section show that ligand exchange with
1-ethyl-5-thiotetrazole proceeds faster and more entirely than ligand ex-
change with 1-methyl-5-thiotetrazole, yielding ETT stabilized NC ”inks” for
solution-processing and electrical transport measurements (see 3.9).

1-Methyl-5-thiotetrazole is tested to expand the applicability of thiotetra-
zoles as stabilizing ligands for CI(G)S in general.

The most important feature of ETT and MTT thereby is their thermal
degradability at moderate temperatures. The facile thermolysis of the thiote-
trazoles is tested on CI(G)S NCs, processing virtually bare NC surfaces and
ligand-free NC solids.

Eventually, the solution-based ligand exchange of CI(G)S NCs with thiote-
trazoles is compared to a recently described solid state surface treatment
method with Meerwein’s salt which is applied for the first time to CI(G)S
NCs after their deposition from solution.

ETT is ranked first as ligand by virtue of its universal utility for CI(G)S
NC functionalization.

3.5.1 Ligand Exchange: 1-Ethyl-5-thiotetrazole

In 2008 Voitekhovic et al. described the suitability of 1-R-5-thiotetrazoles
for solution-phase and solventless single precursor synthesis of thiotetrazole
capped CdS NCs. !0l Here, they reacted cadmium precursors with different 1-
R-5-thiotetrazoles (R = ethyl, tert-butyl, hexyl, 1-adamantyl, phenyl) which
led to various CdS NC shapes depending on the substituent R. The single
precursor approach is interesting for the purpose of this work as Voitekhovich
et al. described 1-R-5-thiotetrazoles to undergo thermolysis at moderate
temperatures, yielding CdS NCs in the solventless single precursor route
from cadmium thiotetrazolate. ¢!
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Figure 3.15: Ligand exchange scheme of oleylamine stabilized NCs with 1-
ethyl-5-thiotetrazole. '8!

Adapting and extending this approach, initially OLA capped CI(G)S NCs
are ligand exchanged with 1-ethyl-5-thiotetrazole (ETT, see Figure 3.15) to
obtain virtually bare surfaced CI(G)S NCs from solution. For this purpose,
CI(G)S NCs are heated to the thermolysis temperature of ETT after ligand
exchange.

For the ligand exchange procedure, OLA stabilized CI(G)S, dissolved in
chloroform are mixed with ETT, likewise dissolved in chloroform. The ligand
exchange solutions are incubated under stirring at 50 °C for 20 to 30 hours.
A first hint for successful stabilization of the NCs with ETT is their ”change
of polarity”. Whereas OLA stabilized NCs are precipitated with polar 2-
propanol, CI(G)S NCs ligand exchanged with ETT are precipitated with
unpolar solvents n-hexane or n-heptane.

ETT exchanged and purified NCs are redissolved in chloroform and used
for characterization, thin film preparation and electrical transport measure-
ments. CI(G)S NCs maintain their size distribution and appearance after
ligand exchange with ETT (see Figure 3.16). Absorption spectra of ligand
exchanged CI(G)S NCs are compared with absorption spectra of pristine
NCs, thereby excluding absorption measurements of ETT exchanged trigo-
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Figure 3.16: TEM images of 1-ethyl-5-thiotetrazole stabilized (a) trigonal
pyramidal CIS, (b) elongated CIS and (c¢) CIGS and associated

insets with single NCs. [1®]

nal pyramidal CIS NCs, as strong scattering made a comparative analysis
impossible.

Elongated CIS and CIGS NCs’ absorption stays unaltered after ligand
exchange (see Figure 3.17).

3.5.1.1 Attenuated Total Reflectance Fourier Transformation Infrared
Spectroscopy (ATR-FTIR)

Ligand exchange reactions are monitored by different characterization tech-
niques including Attenuated Total Reflectance Fourier Transformation In-
frared Spectroscopy (ATR-FTIR). Figure 3.18 exemplarily shows IR spectra
of initially OLA capped and ETT exchanged trigonal pyramidal CIS NCs
(A-CIS).

A well-known feature is the olefinic (-HC=CH-) stretching mode of the
double bond in oleylamine at 3006 cm~'-1%! This stretching mode is ob-
servable in the OLA stabilized sample and completely absent in all ETT
stabilized NC samples (see Figure 3.18 and 3.19). 18

Distinct asymmetric and symmetric —CH, stretching vibrations of OLA
occur near 2925 and 2850 cm ™! in OLA capped samples (see Figure 3.18 and
3.20). After ETT exchange, the —CH, vibration of the ethyl-group in ETT
at 2950 cm~! emerges. The —CH,, vibration at 2850 cm™! is still visible with
lower intensity (due to only one —CH, group in ETT, see Figure 3.18).

OLA stabilized samples show broad N-H vibrations at 3250 cm~!and
1650 cm ™! (see Figure 3.20). These N-H vibrations are completely absent in
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Figure 3.17: Vis-absorption spectra of OLA and ETT stabilized (a) elongated
CIS with a shoulder at 932 nm prior to and unaltered after ligand
exchange and (b) CIGS NCs with the same general absorption
onset for OLA stabilized and ETT exchanged CIGS NCs at
~1050 nm ~ 1.2 eV.

ETT capped NC samples and confirm the assumption that ligand exchange
of OLA by ETT was successful (see Figure 3.19).

ETT capped NCs show the weak stretching vibration of the tetrazole rings
bound to the NC surface near 1020-1160 cm™! (see Figure 3.19).[100101 Ag
described by Voitekhovich et al. these vibrations tend to alter due to different
binding possibilities of the tetrazole rings to the NC surface. 46!

Furthermore, in ETT capped NC samples the distinct vibration of the pure
and unbound ligand at 3067 cm™!is absent. This might be due to reduced
vibration possibility of ETT when bound to a NC surface. [l

3.5.1.2 Thermogravimetric Analysis (TGA)

As ETT is known to decompose at moderate temperatures*®4 the ther-
molysis of the ligand bound to NC surfaces is followed by Thermogravimetric
Analysis (TGA).

NC samples are heated at a rate of 20 °C/min up to 550 °C under nitrogen
flow and between 550 °C to 900 °C under a nitrogen/oxygen environment to
remove residual carbon contents as carbon dioxide. Figure 3.21a shows the
thermolysis of pure ETT with a single mass loss (94 %) at 218 °C visible
in the first derivative of the measurement which is attributed to the decom-
position of the ligand. Figure 3.21b shows that ETT capped CI(G)S NCs
exhibit the same decomposition trend with a first mass loss attributed to
ETT thermolysis between 218-255 °C. The second big mass loss occurring

41



3 Results and Discussion

11.0
—A-CIS ETT //_ 0.8
~—Vvg-CHy tetrazole|

10lb

:‘; “—v4-CHa ring
-~ 40.6
o
[7]
: acisoLA| | 1o
% 0.5- NH
g vs-CH2
= J0.2
/Va-CHz
0.0 0.0

3500 3000 2500 2000 1500 1000
Wavenumber / cm™

Figure 3.18: IR spectra of oleylamine stabilized and 1-ethyl-5-thiotetrazole
exchanged NCs, exemplarily shown for trigonal pyramidal CIS
(A-CIS). [l
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Figure 3.21: TGA of (a) pure ETT with a thermolysis temperature of 218 °C
and (b) ETT stabilized CI(G)S NCs with an OLA stabilized
trigonal pyramidal NC sample for comparison; all ETT capped
NCs show a distinct first mass loss attributed to ETT thermol-
ysis in the range of 218-255 °C.[18]

at ~600 °C originates from selenium which evaporates from the NC sample
at theses temperatures. At ~700 °C remainders dissociate as volatile species
under oxidative conditions.

When comparing the first derivatives of ETT and OLA capped CI(G)S
NCs, it is visible that all ETT capped NCs undergo ligand thermolysis at
lower temperatures than OLA stabilized NC samples (see Figure 3.22, 3.23
and 3.24).

Trigonal pyramidal CIS NCs’ ligand associated first mass loss for ETT
capped samples occurs at 218 °C, whereas OLA capped NCs show a more
diffuse mass loss in the range of 278 °C.

Elongated CIS NCs capped with ETT show a first mass loss at 237 °C
compared to a first mass loss at higher temperatures of 288 °C for OLA
capped samples (see Figure 3.23).

CIGS NCs exhibit a thermolysis temperature of 255 °C for ETT, whereas
OLA capped samples show a first mass loss in the range of ~265-270 °C (see
Figure 3.24).

The reason for smaller NCs to exhibit higher ETT thermolysis tempera-
tures might be due to ETT binding stronger to the surface of smaller NCs
than to the surface of bigger ones.

It has to be noted that the thermolysis temperature of ETT depends on
the heating rate of the compound. To study the effect of the heating rate,
the thermolysis experiment on pure ETT is repeated at 5 °C/min instead of
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Figure 3.22: TGA of (a) ETT stabilized trigonal pyramidal CIS NCs with a
thermolysis temperature of 218 °C and (b) OLA stabilized trig-
onal pyramidal CIS with a thermolysis temperature of ~278 °C.
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Figure 3.23: TGA of (a) ETT stabilized elongated CIS NCs with thermolysis

temperature of 237 °C and (b) OLA stabilized elongated CIS
with thermolysis temperature of ~288 °C.
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Figure 3.24: TGA of (a) ETT stabilized CIGS NCs with a thermolysis tem-
perature of 255 °C and (b) OLA stabilized CIGS with a ther-
molysis temperature of ~265-270 °C.

20 °C/min. This results in full thermolysis of the ligand but at a reduced
temperature of only 185 °C (see Figure 3.25). The decomposition of the
compound hence is a kinetically controlled process.

However, to assure comparable conditions for all Culn(Ga)Se, NC types
investigated, only the fast heating rate of 20 °C/min is discussed.

FElectron Ionization Mass Spectrometry (EI-MS) elucidates the decompo-
sition way of ETT. With respect to a big fragment ion at m/z (%) 59 (68)
[HSCN™]| originating from thiocyanic acid, the ring fragmentation reaction
for cadmium 1-ethyl-5-thiotetrazole proposed by Voitekhovich et al. can be
confirmed. [18:46]

An azide based decomposition of ETT is suggested as the spectrum lacks
nitrogen associated mass peaks but shows fragment ions at m/z (%) 87 (8)

[HSCNj] as azide and sulfur containing part of the tetrazole ring and proto-
nated azide at m/z (%) 43 (15) [HN].[102,103]

Using the combined spectroscopic, thermogravimetric and spectrometric
data, it is concluded that ETT decomposes virtually completely under the
described conditions, leaving the surface of CI(G)S NCs organics-free with
residual sulfur. ['®!

By spin-coating ETT stabilized CI(G)S NCs onto silicon substrates and
subsequently thermolyzing the ligand, densely packed CI(G)S NC films are
obtained which are analyzed for their electrical transport properties (see
section 3.9)

Figure 3.26, 3.27 and 3.28 show ETT stabilized CI(G)S NC films after the
thermolysis of the ligand.
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Figure 3.25: A slower heating rate of 5 °C/min leads to a reduced thermolysis

temperature of ETT (185 °C) compared to heating at a rate of
20 °C/min (218 °C).

Figure 3.26: A film of trigonal pyramidal CIS NCs after thermolysis of ETT
and inset with slightly higher magnification of the NCs.
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Figure 3.27: A film of elongated CIS NCs after thermolysis of ETT and inset
with higher magnification of the NCs.

Figure 3.28: CIGS NC film after the thermolysis of ETT with an inset of
higher magnified NCs.
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3.5.2 Ligand Exchange: 1-Methyl-5-thiotetrazole

The commercially available and thermally degradable 1-methyl-5-thiotetrazole
(MTT) is tested to expand the application of thiotetrazoles as stabilizing lig-

ands for CI(G)S NCs. A comparison between the conductivities for ETT,

OLA and MTT stabilized films is made. An emphasis is put on the influence

of the slightly shorter ligand towards the electrical transport properties of

the exchanged NC films (see section 3.9).

All CI(G)S NC types are ligand exchanged with MTT and their colloidal
stability is compared with ETT capped NCs.

It is shown that probably due to their size (19 nm +6 nm), MTT and ETT
capped trigonal pyramidal NCs lack long-time stability (days to weeks).

Furthermore, trigonal pyramidal CIS NCs are known to be sensitive to
ctching by ligands (as described for OLA).[l MTT as ligand as well leads
to etching of the NCs, whereas ETT capped samples show only occasionally
etched NCs. Figure 3.29 depicts a TEM image of trigonal pyramidal CIS of
the same batch ligand exchanged with MTT and ETT under otherwise equal
conditions (CIS-MTT: 2 days after ligand exchange, CIS-ETT: 2 weeks after
ligand exchange).

Elongated CIS NCs are readily ligand exchanged with MTT and lack etch-
ing effects or changes in the NC appearance.

For stabilizing CIGS NCs with MTT, a solvent change from chloroform to
tetrahydrofuran (THF) is required and a high MTT excess is used. Ligand
exchange solutions require longer incubation than exchange solutions with
ETT (see 5.3.2).

3.56.2.1 ATR-FTIR

Figure 3.30 shows IR spectra of pure MTT and MTT exchanged CI(G)S
NCs. The characteristics of the IR spectra of MTT resemble those of ETT
with the exception that the vibration of the —CH; group in MTT is less
distinct as in ETT as there is one —CH, group less in the compound.

The IR spectrum of MTT capped trigonal pyramidal CIS shows distinct
signals between 2990-2880 cm ™!, in the range of —CH, and —CH, vibrations.
As the spectrum exhibits even more distinct vibrations than pure MTT (see
Figure 3.30) it is assumed that the MTT exchange proceeds incompletely for
trigonal pyramidal CIS, leaving residual oleylamine at the NC surface which
features stronger —CH,, and —CH, vibrations.
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Figure 3.29: Etching of trigonal pyramidal CIS NCs after ligand exchange
with MTT (left) and negligible etching effects after ligand ex-
change with ETT (right).

3.0

. 2.5
>
% W
- 20]
® — CIGS MTT
E 1.5 ——CIS MTT
7] —— A-CIS MTT
S 1.0- — MTT
-

0.5-

4000 3500 3000 2500 2000 1500 1000
Wavenumber / cm™
Figure 3.30: IR spectra of pure MTT and MTT ligand exchanged CI(G)S

NCs with the trigonal pyramidal CIS sample showing distinct
methyl vibrations.
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Figure 3.31: TGA of pure MTT with a thermolysis temperature of 225 °C.

3.5.2.2 TGA

To enable an even milder thermolysis treatment for ligand exchanged CI(G)S
NCs, it is tested if MTT decomposes at lower temperatures than ETT.

TGA of pure MTT exhibits a likewise kinetically controlled process with
a thermolysis temperature of 225 °C for the compound and an associated
biggest mass loss of 91 %. (see Figure 3.31). This temperature lies in the same
range and only slightly higher as the thermolysis temperature determined for
pure ETT (218 °C).

When investigating the mass loss and associated derivatives of the three
MTT ligand exchanged CI(G)S NC types, it turns out that at lower MTT
amounts covering the NCs, the thermolysis temperature of MTT decreases
compared to NCs capped with ETT.

Figure 3.32 shows the TGA of MTT and ETT capped trigonal pyramidal
CIS in comparison. The first and biggest mass loss attributed to MTT ther-
molysis occurs at 187 °C. This is 31 °C lower than in ETT covered samples.
A more diffuse mass loss in the range of 300 °C may be attributed either
to the complete thermolysis of MTT or thermolysis of residual oleylamine
still covering the NC surface (like detected in IR spectra, see 3.5.2.1, Figure
3.30).

It is clearly visible in TGA analyses that by using MTT as ligand, more
material than can be possibly bound to the NC surface decomposes, leaving

only ~6 % inorganic residues representing the remainders of the NCs (see
Figure 3.32).
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Figure 3.32: TGA of MTT and ETT stabilized trigonal pyramidal CIS in
comparison with a high MTT excess dominating in trigonal
pyramidal CIS exchange reactions: The ETT stabilized sam-
ple shows 51 % inorganic residues after thermolysis, whereas
the MTT stabilzed sample only exhibits 6 %.

This means that a higher MTT excess has to be used in ligand exchange
than in ETT ligand exchange and is in accordance with observations made
with the performance of the exchange procedure.

Typically, more MTT is dissolved in chloroform than ETT for stabiliz-
ing the NCs. When (re)precipitating NCs for purification, small colorless
residues, probably uncapped MTT, recrystallize.

To conclude, stabilizing trigonal pyramidal CIS with MTT leads to a high
amount of unbound ligand that recrystallizes. However, it might be possible
to improve the ligand exchange rate by modifying the exchange conditions.

Elongated CIS NCs are readily stabilized with MTT. TGA shows that
NC samples contain 53 % inorganic residual mass after thermolysis of the
ligand. The first mass loss in the TGA curve attributed to MTT thermolysis
occurs at 238 °C, the same temperature as for ETT capped elongated CIS
(see Figure 3.33 and Figure 3.23 on page 45).

MTT capped CIGS NCs exhibit interesting decomposition behavior when
heated to the thermolysis temperature of the ligand. Figure 3.34 shows a
first mass loss of 17 % in MTT capped CIGS already occurring at 170 °C
and a second mass loss of 12 % at 260 °C.
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Figure 3.33: TGA of MTT stabilized elongated CIS NCs with a thermolysis
temperature of 238 °C.

A two-stage MTT thermolysis seems reasonable here, as 170 °C is assumed
to be the thermolysis temperature of pure MTT. Although the thermolysis
temperature of pure MTT has been detected at higher temperatures (at
225 °C), the amount of the sample thermolyzed was significantly higher than
the MTT amount used for NC stabilization.

Apparently, additionally to the kinetically controlled thermolysis of the
thiotetrazole-based ligands by the heating rate, the weigh-in portion of MTT
for thermolysis may have also an impact on the decomposition temperature
of the compound. At 260 °C however, MTT bound to the CIGS NCs’ surface
most likely starts to thermolyze (like in ETT capped CIGS NCs at 255 °C)
leaving 53 % inorganic residues.

Figure 3.35 exemplarily shows a densely packed CIGS NC film after ther-
molysis of the MTT ligand.

Despite the ligand exchange issues, MTT exchanged CI(G)S NC are char-
acterized for their electrical transport properties (see section 3.9).

In conclusion, the use of ETT as ligand for CI(G)S NCs is more universal
than the use of MTT as ligand for the chalcopyrite systems. Important in-
sights in this section show that the thermolysis temperature of the thiotetra-
zole ligands is kinetically controlled and depends on the thermolysis heating
rate.

By further adjusting the ligand exchange procedure to MTT, it might be
possible to reduce the compound amount necessary for ligand exchange. A
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Figure 3.34: TGA of MTT stabilized CIGS NCS with the first mass loss of

the excess unbound ligand at 170 °C and second mass loss of the
NC bound ligand at 260 °C.

solvent adjustment and incubation temperature modification are the first
steps taken to address the problem (see Experimental 5.3.2).
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Figure 3.35: A densely packed MTT stabilized CIGS NC film on a gold elec-
trode after annealing at 260 °C.
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Figure 3.36: A trigonal pyramidal CIS NC film exhibiting cracks after treat-
ment with Et;OBF,.

3.5.3 Surface Modification: Meerwein’s Salt (Et30BF,)

Besides ligand exchanging CI(G)S NCs with thiotetrazoles, a different surface
modification method is applied to remove oleylamine off CI(G)S NC surfaces.

Rosen et al. described the use of trialkyl oxonium salts (e.g. Et;OBF,)
and other Meerwein compounds to mildly strip oleylamine, oleic acid and
phosphine-based ligands off various NC surfaces without destroying the par-
ticular NCs. 4] Et,OBF acts as strong alkylating agent which, in our case,
reacts with the amine group of OLA, releasing the ligand from the then
positively charged NC surface with BF, as weakly bound counter ion. "]

The Meerwein’s salt approach is applied for the first time to CI(G)S NCs.

The ligand stripping is performed under ”solid state” conditions which
means that the treatment with Et;OBF, is applied after the NC deposition.
It has to be stated that this can confine the applicability of the method as the
ligand exchange might not be complete. Furthermore, solid state treatments
often lead to crack formation in thicker NC assemblies.

Oleylamine capped trigonal pyramidal NCs are drop-coated onto a silicon
substrate and treated with a 500 mM solution of Et;OBF, (95 mg in 10 mL
dichloromethane). The immersed substrates are rinsed with n-hexane to
remove residual Et;OBF,. Figure 3.36 shows a trigonal pyramidal CIS NC
film with cracks (although the image features a small magnification of 1 pum
and a wide range of the film). The same ”film-cracking” observation is made
for Et;OBF, treated elongated CIS and CIGS NC films (see Figure 3.38 and
3.40).
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Figure 3.37: EDS of Et;OBF, treated trigonal pyramidal CIS NC films.

To determine if residues of the Et;OBF, treatment remain on the NCs,
EDS of OLA stabilized CI(G)S NCs, ETT ligand exchanged NCs and NCs
treated with Et;OBF, are compared.

Figure 3.37 shows a spectrum of OLA capped trigonal pyramidal CIS,
interestingly exhibiting a phosphorus and gallium signal although the NCs
lack to be treated with TOP as additional stabilizing ligand and should
not contain gallium. The phosphorus and gallium signals might originate
from contamination of the sample or impurities in Et;OBF,. Additionally,
the spectrum reveals that after the Et;OBF, treatment the sample contains
fluorine, chlorine, calcium and large oxygen signals. This indicates the in-
complete removal of the excess Meerwein’s salt by rinsing the substrates with
n-hexane.

EDS of elongated CIS NCs likewise exhibits fluorine (see Figure 3.39)
pointing to an incomplete removal of the excess Meerwein’s salt by n-hexane.

Figure 3.40 shows a CIGS NC film treated with Et;OBF, with the associ-
ated EDS in Figure 3.41 featuring chlorine residues.

However, all CI(G)S NC stabilized with ETT show sulfur signals origi-
nating from the thiotetrazole ligand. After the treatment with Et;OBF, or
ligand exchange with ETT, no TOP remains on the CI(G)S NCs.

All CI(G)S NC samples treated with ETT as ligand show reduced carbon
content after the thermolysis of the ligand. EDS measurements show that
ETT capped CI(G)S NCs completely lose additional ligand originating ele-
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Figure 3.38: An elongated CIS NC film treated with Et;OBF, and exhibiting

cracks.
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Figure 3.39: EDS of a Et,;OBF, treated elongated CIS NC film.
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Figure 3.40: CIGS NCs treated with Et;OBF, with film exhibiting cracks.
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Figure 3.41: EDS of Et;OBF, treated CIGS NC films.

59



3 Results and Discussion

ments (like sulfur, see Figure 3.37, 3.39 and 3.41) after the NC annealing step
at 260 °C, whereas Et;OBF, treatment might leave inorganic residues (fluo-
rine or chlorine) originating from incomplete reactant removal and possible
impurities.

In conclusion, the use of Et;OBF, leads to inferior NC film formation
in comparison with the thiotetrazole-based ligand exchange. The processed
NC films universally exhibit film cracking which probably will lead to re-
duced effectiveness in electrical transport of the materials. Furthermore, the
Et;OBF, treatment has to be performed under inert gas conditions working
inside the glovebox, whereas thiotetrazole-based ligand exchange can be per-
formed under ambient conditions. As the NC films treated with Et;OBF,
contain residues from the treatment (at least halogens), blurred results in
electrical transport measurements cannot be excluded.

The use of Et;OBF, is effective with limitations in applicability to CI(G)S
NCs and has to be thoroughly adjusted to enhance its utility. A first step
would be to expand the solid state approach to a process in solution which has
been possible with the Meerwein treatment for other NC types like CdSe/ZnS
and CdSe/CdS quantum dots. !

60



3.6 In-situ XRD Heating Experiments - Sintering CIS NCs

3.6 In-situ XRD Heating Experiments - Sintering
CIS NGCs

The successful ligand exchange of CI(G)S NCs with 1-ethyl-5-thiotetrazole
described in 3.5 opens opportunities in using the materials properties after
they have been deposited onto substrates from solution. One crucial fea-
ture of ETT is its thermolysis at relatively low temperatures (185-218 °C)
depending on the heating rate and heating time (see 3.5.1).

The effect of the ETT ligand exchange on the sintering behavior of elon-
gated CIS NCs is investigated. In-situ XRD measurements of ETT and OLA
capped CIS NCs heated from 30-900 °C reveal sintering properties of the
NCs and are compared with in-situ TEM heating experiments of elongated
CIS NCs. (see 3.7). At every heating equilibration step, a diffractogram
is recorded to monitor reflex width and crystal structure variations in the
samples.

Especially for the determination of the electrical transport, it is important
to assure that NCs lack sintering under the temperature treatment applied at
260 °C to thermolyze ETT (see 3.9) and form dense, nanostructured materials
without increasing the grain size. %4

Sintering effects are thereby described by the elimination of interparticle
pores in a granular material by atomic diffusion and driven by capillary
forces. 104

The elongated CIS NC sample is filled into an Al,O, crucible for the mea-
surement. Once the particular temperature is reached the sample is equili-
brated for 30 minutes. The Al,O; crucible thereby exhibits sharp reflexes
that are excluded from analysis and highlighted in most diffractograms by
gray boxes.

Figure 3.42 shows the diffractogram of ETT capped elongated CIS NCs
at room temperature compared with a diffractogram of OLA capped NCs
measured on a silicon support plate.

The CIS NCs reflexes of both diffractograms fit the associated JCPDS card
# 00-040-1487 for chalcopyrite CIS, whereas in the ET'T stabilized elongated
CIS NC diffractogram aluminum oxide reflexes of the crucible are visible at
25.58 °, 35.15 °, 37.78 °, 43.36 ° and 52.50 ° 20.

The reflexes chosen for the investigation and originating from CulnSe, are
the distinct (112) reflex at 26.58 °, (204)/(220) at 44.12/44.23 °, (301) at
47.75 ° and the (312) reflex at 52.40 ° 20.

Figure 3.43 shows that by in-situ heating elongated CIS NCs in the range
of 30 °C over 260 °C up to ~500 °C, no narrowing of the reflex width is
detected in the diffractograms. It can therefore be assumed that at least in
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Figure 3.42: XRD of OLA stabilized elongated CIS NCs, measured on a sili-
con support plate (black) and ETT stabilized elongated CIS NCs
measured inside the Al,O, crucible (red), both diffractograms
measured at room temperature.

the CI(G)S-ETT annealing range of 260 °C under ambient pressure, the NCs
feature no sintering effects.

From 500 °C on, the CulnSe, reflexes start to narrow slightly as the mate-
rial starts to (re)form to bulk (for comparison, see Figure 3.55 on page 73).
Between 650 °C to 800 °C CulnSe, NC reflex widths significantly narrow.

Figure 3.44 shows the CIS sample at 800 °C exhibiting sharp CulnSe,
reflexes.

After heating the sample to 900 °C the diffractogram is measured at room
temperature (RT) (see Figure 3.45). The obtained reflex pattern is a mix-
ture of crystal phases including Cu,Se and CulnSe,. This is in accordance
with EDS measurements after 900 °C, described in the in-situ TEM heating
section (see 3.7).

In-situ XRD heating is likewise performed for OLA stabilized elongated
CIS NCs. Figure 3.46 shows the temperature range between 30 °C and 900 °C.
The reflex width in OLA stabilized elongated CIS is constant up to 700 °C,
most likely due to long carbon chain residues of OLA preventing the material
to start sintering. This observation is in accordance with the results of the
in-situ TEM heating of OLA capped elongated CIS NCs (see Figure 3.62 on
page 82).
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Figure 3.43: In-situ XRD heating rate of 30 °C to 900 °C with decreasing
reflex width ~500 °C crossing over into sharp CulnSe, reflexes
around 700 °C to 800 °C.

The reflex width of OLA capped CIS starts to narrow between 700 °C to
800 °C. TEM images taken at 800 °C show that OLA stabilized elongated
CIS NCs are embedded in a ligand originating carbon matrix (see section
3.7.2, Figure 3.62 on page 82).

In conclusion, ETT capped elongated CIS NCs start to sinter at signifi-
cantly lower temperatures (~500 °C) than OLA capped elongated CIS NCs.
Solid state CulnSe, starts phase transitions and melting in the range of 805-
990 °C.[109]

Examining ETT and OLA capped XRD diffractograms after heating to
900 °C shows that both diffractograms contain reflexes of mixed crystal sys-
tems including Cu,Se and residual CulnSe, (see Figure 3.47).

It is important to note that OLA capped CIS generally show lower reflex
intensity after heating to 900 °C than ETT-based CIS although both diffrac-
tograms are recorded under otherwise same measurement conditions. This
supports the observations made during in-situ TEM heating: ETT capped
elongated CIS NCs start forming crystalline sintered assemblies at higher
temperatures. This crystalline "carpets” seem to endure temperatures of
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Figure 3.44: XRD of elongated CIS NCs measured in an Al,O, crucible (high-
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lighted in gray) at 800 °C exhibiting sharp reflexes with associ-
ated solid red lines indicating CulnSe, (JCPDS card # 00-040-
1487).
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——CIS-ETT RT after 900 °C
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Figure 3.45: ETT stabilized elongated CIS NC sample at RT after heating
to 900 °C and exhibiting mixed crystal phases including Cu,Se
(blue solid lines, JCPDS # 00-027-1131) and residual CulnSe,
(red solid lines, JCPDS card # 00-040-1487), Al,O, signals of
the crucible are highlighted in gray.
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Figure 3.46: XRDs of elongated CIS NCs capped with OLA in the range of
30 °C to 900 °C with reflex width decreasing in the range of
700 °C to 800 °C.

65



3 Results and Discussion

S —— CIS-ETT RT after 900 °C
© —— CIS-OLA RT after 900 °C
E, i
‘w
c
g
£
[¢}]
2
©
[}]
1%
IJ M v ) I’I ) v M’LT_
25 30 40 45 50 55
20/°

Figure 3.47: XRD of OLA and ETT capped elongated CIS after heating to
900 °C with diffractogram of ligand exchanged CIS showing more
distinct mixed crystal phase reflexes, Al,O, originating reflexes
marked in gray.

900 °C better than OLA capped CIS which disintegrate into significantly
smaller crystalline parts (see Figure 3.62 and 3.63 on page 82 and 83).

The results of the in-situ XRD heating experiments underpin the advan-
tage of ETT as thermally degradable ligand with regard to residue-free sin-
tering of CI(G)S chalcopyrite NCs. Due to the complete thermolysis of ETT,
it can be assumed that NCs sinter cleanly to form crystalline assemblies at
moderate temperatures in the range of 500 °C, whereas OLA covered NCs
require more than 700 °C to start exhibiting narrowed reflexes.
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3.7 In-situ TEM Heating Experiments -
Sintering CI(G)S NCs and X-ray
Photoelectron Spectroscopy of CIS Surfaces

To trace the exact processes during annealing of NC thin films and the even-
tual coalescence and sintering, stepwise in-situ TEM heating of ETT capped
elongated CIS and CIGS NCs is performed and compared to in-situ TEM
heating of OLA capped elongated CIS NCs.

The TEM experiments strongly support the results discussed in the in-
situ XRD heating section for elongated CIS NCs. ETT stabilized CIGS
NCs reveal that residual sulfur (the only inorganic residue remaining from
the ligand exchange after ETT thermolysis) is completely removed in the
temperature range of 25 °C to 400 °C. It is therefore assumed that sulfur
atoms from the ligand exchange reside on the NC surface rather than being
incorporated into the NC lattice.

A confirmation that sulfur from the ligand exchange is present at the
CI(G)S NC surface is additionally exemplarily shown by X-ray photoelec-
tron spectroscopy (XPS) of ETT capped elongated CIS NCs.

Figure 3.48 depicts the XPS survey spectrum of elongated CIS NCs. All
elements are clearly detected in the suspected oxidation states. The FWHM
of the measurement curves are fitted by the program used for evaluation,
CasaXPS, automatically with a Marquardt function. The measured bind-
ing energies are corrected for charging of the specimen by referencing the
obtained values to Au 4f with 84.0 eV.

Figure 3.49 shows the core-level spectra of Cu 2p orbitals in CIS NCs.
The Cu 2p3/2 is centered at 932.2 eV and the Cu 2p1/2 at 952.0 eV well in

accordance with literature values for CIS.[1%6:197 The FWHM of the 2 p, /o 18

thereby slightly bigger than the FWHM of 2p, ,. [106,108]

It is important to note that there is no satellite peak detected at 940 eV
which would originate from Cu®" species in the CIS NCs. 26196109 Tt can
therefore be assumed that copper in the CI(G)S NCs investigated exclusively
exists in oxidation state +1 (Cu™).

Figure 3.50 shows an In 3d; , and In 3d;, core-level spectrum centered
at 444.9 eV and 452.3 eV and Figure 3.51 depicts the Se 3d5/2 and Se 3d3/2
core-level spectrum centered as one peak at 54.5 eV which lacks further
splitting due to limited resolution of the spectrum. These values fit the
values described for CIS.[106:109]

Figure 3.52 depicts the core-level spectrum of sulfur which is originating
from the sulfur atoms in ETT. Figure 3.53 combines survey spectra of all
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Figure 3.48: XPS survey spectrum of ETT capped elongated CIS NCs with
the sulfur signal originating from ETT marked in red.
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Figure 3.49: A Cu 2p core-level spectrum lacking the presence of Cu®".
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Figure 3.50: An In 3d core-level spectrum of ETT stabilized elongated CIS

NCs.
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Figure 3.51: A Se 3d core-level spectrum of ETT stabilized elongated CIS

NCs.
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Figure 3.52: ETT originating sulfur core-level spectrum of the 2s sulfur
orbital.

ETT exchanged investigated CI(G)S NCs and shows that every NC type
exhibits sulfur on its surface from the ligand exchange.

What additionally can be seen is that all spectra feature a large carbon
signal which may originate in its intensity from the Highly Ordered Pyrolytic
Graphite (HOPG) used as measurement substrate. ETT capped CI(G)S NCs
show the largest carbon signal as the samples deposited onto HOPG exhibit
the lowest concentration.

XPS analysis of elongated CIS NCs additionally proves that the ligand is
successfully bound to the surface of the investigated CI(G)S NCs.
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Figure 3.53: XPS of ETT capped CI(G)S NCs with all samples showing the
sulfur signal originating from ETT.
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(a) ) ©

Figure 3.54: TEM images of elongated CIS-ETT NCs heated to (a) 25 °C,
(b) 250 °C and (c) 300 °C.

3.7.1 Sintering Elongated CulnSe,-ETT NCs

The coalescence and sintering of ETT exchanged elongated CIS NCs de-
scribed in the in-situ XRD heating section can also be visualized on the
nanoscale by in-situ TEM analysis.

Elongated CIS NCs are heated in a temperature range from 25 °C to 900 °C
and equilibrated at the particular temperature for 30 minutes prior to TEM
analysis. Figure 3.54a shows the NCs before heating is started at 25 °C. The
NCs exhibit interparticle distances originating from the ETT ligand shell
which is also visible in Figure 3.54b at 250 °C.

However, at 300 °C the particles seem to have slightly migrated and ap-
proached each other, reducing the interparticle distance to a minimum extent
(see Figure 3.54c). At 400 °C, sintering of CIS has already started. This
means that sintering occurs in the range of 300 °C to 400 °C. At 400 °C NCs
have started to form crystalline assemblies over a wider range (see Figure
3.55).

At 500 °C almost closed crystalline films have formed, representing the
transition of the NCs to thin films of the solid state phase as described in
the in-situ XRD section (see Figure 3.55 and 3.43). At 600 °C, the tempera-
ture where ETT capped CIS samples in in-situ XRD heating show narrowed
reflexes associated to finished sintering and approaching bulk formation (see
Figure 3.43 on page 63), TEM images likewise depict a finished sintering
process. It is impossible to account for single, clearly separated NCs (see
Figure 3.56).

The results of the in-situ TEM heating are in perfect accordance with
results of the in-situ XRD heating section. The experiments show that at
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Figure 3.55: TEM images of elongated CIS-ETT NCs heated to 400 °C (up-
per row) respectively 500 °C (lower row), showing the transition
from NCs towards solid state.
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Figure 3.56: TEM images of elongated CIS-ETT NCs heated to 600 °C (up-
per row) and 700 °C (lower row), showing sintered crystalline
"carpets”.

~400 °C elongated CIS NCs start to coalesce (see Figure 3.55 and unalterd
reflex width at 400 °C in Figure 3.43) and between 600 °C and 700 °C the
material is completely sintered (see Figure 3.56 and Figure 3.43).

However, an additional influence of the electron beam or the high vac-
uum applied leading to slightly lower sintering temperatures in in-situ TEM
heated samples, cannot be completely excluded.

From 700 °C onwards, the dense crystalline CIS ”carpet” seems to slowly
disintegrate (see Figure 3.56). This is the temperature range where sele-
nium starts to evaporate from the sample!'¥ (see TGA in 3.5.1.2) and the
decomposition of the material approaches.

At 800 °C to 900 °C, big crystalline assemblies and additional small NCs
are (re)formed under heat and the electron beam. The EDS of CIS NCs at
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I “'\If I

Figure 3.57: TEM images of elongated CIS-ETT NCs heated to 800 °C and
900 °C.

25 °C in table 3.3 is compared with the EDS of CIS after heating to 900 °C
in table 3.4, showing that after heating the NCs the CIS structure vanishes
and almost stoichiometric Cu,Se is formed. Indium is reduced to a negligible
content. This observation is in accordance with the results of the in-situ
XRD section (see Figure 3.47 on page 66) although more indium is detected
in CulnSe, diffractograms after heating to 900 °C. This is most likely due
to the fact that in-situ XRD is measured under ambient pressure whereas
mn-situ TEM experiments are conducted under ultra high vacuum, leading
to possible evaporation of indium.

Figure 3.58 shows a map of a crystalline ”carpet” after the NCs have
been heated to 900 °C similar to that displayed in Figure 3.57 (lower row).
The map features only residual indium and a high copper and selenium con-
tent shown in the associated EDS measurement. The elements are evenly
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Elongated CIS-ETT at 25 °C

Element Atom% Error

Cu K" 19.40 0.05
Se (Ref.) L™ 55.07 0.02
In L* 22.69 0.04
SK" 1.85 0.68

Table 3.3: EDS of ETT capped elongated CIS at room temperature in

atom%.
Elongated CIS-ETT after 900 °C
Element Atom%  Error
Cu K" 65.19 0.01
Se (Ref.) L"  34.46 0.01
InL” 0.36 0.97

Table 3.4: EDS of ETT capped elongated CIS after heating to 900 °C in
atom%.
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distributed, supporting the assumption that single elements are not accumu-
lating at certain positions.

In-situ TEM and XRD heating of elongated CIS NCs reveals that ETT
exchanged CIS NCs can be readily sintered and transformed into thin film
bulk material at temperatures between ~500-650 °C to yield crystalline CIS
assemblies.

In the following section it is described that sintering to form wide-spread
crystalline assemblies is impossible with OLA stabilized NCs.
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100 nm In

Element (keV)  Counts Mass% Error% Atom%
OK * Excluded

CuK Ref. 8.040 613541.44 5284  0.07 58.25

Se L 1.379 259124.13 4684 0.11 41.55
InL 3.286  2073.510.33 16.85  0.20

Total 100.00 100.00

Figure 3.58: Element mapping of a crystalline ”carpet” after heating of CIS-
ETT NCs to 900 °C, showing a uniform distribution of the re-
maining elements: A) bright field STEM image, B) EDS scan
at O K peak, C) EDS scan at Cu K peak, D) EDS scan at Se L
peak and E) EDS scan at In L peak.
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Figure 3.59: TEM images of elongated CIS-OLA NCs heated to 25, 200 and
250 °C exhibiting first carbonization effects around 200 °C.

3.7.2 In-situ TEM Heating of OLA Stabilized Elongated
CulnSe; NCs

The straightforward coalescence and sintering behavior of ETT capped elon-
gated CIS NCs is compared with the temperature dependent behavior of
OLA stabilized elongated CIS NCs.

Figure 3.59 shows OLA capped elongated CIS in the heating range of
25 °C to 250 °C. It shows that the NCs lack changes in appearance under
elevated temperatures but a ”corona” appears covering the NC surfaces at
temperatures around 200 °C and higher.

This corona can be assigned to the starting carbonization of the oleylamine
ligand when heat is applied to the NCs and has been described by other
groups before. 117
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Figure 3.60: TEM images of elongated CIS-OLA NCs heated to 300 °C and
400 °C featuring carbonization effects.

In the temperature range of 300 °C to 400 °C (see Figure 3.60), the range
where ETT capped CIS show the first coalescing and sintering effects, the
NCs stabilized with OLA lack distinct changes in structure and appearance.
The carbon originating corona is still visible.

These observations support the in-situ XRD heating experiments at these
temperatures (300-400 °C), as here, likewise, the reflex width of the OLA
stabilized NCs remains unaltered (see Figure 3.46 on page 65).

At 505 °C to 600 °C, it is revealed that OLA capped NCs do not sinter as
easily as ETT capped NCs (see Figure 3.61).

The NCs are still individual at this temperatures in contrast to the ETT
capped analoga. The carbonization corona covering the individual NCs shows
that there are still organic residues located around the NCs (see Figure 3.61).

At 600 °C, the amorphous carbon residue on the NCs is clearly visible.
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Figure 3.61: TEM images of elongated CIS-OLA NCs heated to 505 °C and
600 °C with single NCs covered by a carbon ”corona”.
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Figure 3.62: TEM images of elongated CIS-OLA NCs heated to 700 °C and
800 °C and exhibiting smaller crystalline pieces.

Between 700 °C and 800 °C, it seems as if the amount of nanocrystalline
material decreases. Eventually, CIS NCs start coalescing but simultaneous
decomposition and formation of crystalline residues is also observed. As
described in section 3.6 on page 63, the carbonization manifests by a lack
of reflex narrowing in XRDs of heated OLA capped samples until there is
enough energy from heating to clearly overcome the coalescing barrier.

In contrast to the ETT-capped analoga, the results in Figure 3.62 are in-
terpreted such that the NCs do not organize in close assemblies at these high
temperatures. Instead, the material disintegrates into unspecified crystalline
residues.

Table 3.5 and 3.6 depict EDS measurements of OLA capped CIS NCs prior
to and after heating to 900 °C. Eventually, OLA capped samples transform

82



3.7 In-situ TEM Heating Experiments - Sintering CI(G)S NCs and X-ray
Photoelectron Spectroscopy of CIS Surfaces

& 900 °c_
- o

Figure 3.63: TEM images of elongated CIS-OLA NCs heated to 900 °C.

Elongated CIS-OLA at 25 °C

Element Atom% Error

Cu K” 18.58 0.86
Se (Ref.) L*  56.83 0.33
In L" 24.59 0.56

Table 3.5: EDS of OLA capped elongated CIS at room temperature in
atom%.

into the same residual mixed crystal systems, including Cu,Se, like shown
for ETT capped CIS.

The performance of OLA capped CIS NCs to form sintered crystalline
assemblies is way inferior to the performance of ETT capped CIS. This is
due to the fact that closer crystalline ”carpet”-like assemblies can only form
if the NCs can freely sinter together. This is not the case when they are
stabilized with OLA even though high temperatures are applied.

It is underpinned that the widespread thinking of thermally decomposing
long-chained organics is wrong and does not lead to nicely sintered materials.
In fact, the application of ETT leads to a possibility to produce superior thin
bulk-like films.
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Elongated CIS-OLA after 900 °C

Element Atom%  Error

Cu K" 66.78 0.03
Se (Ref.) L"  31.18 0.07
In L' 2.04 0.77

Table 3.6: EDS of OLA capped elongated CIS after heating to 900 °C in
atom%.
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30 nm 10 nm

Figure 3.64: In-situ TEM heating of CIGS-ETT NCs at 50 °C, at 250 °C with
reduced interparticle spacing and started sintering at 400 °C. 18l

3.7.3 Sintering Culny,Ga,Se>-ETT NCs

In-situ TEM sintering of ETT exchanged CIGS is performed with respect
to the sulfur amount and the sintering behavior of the CIGS NCs.['¥l In a
temperature range up to 400 °C, the CIGS NCs do not alter their composition
and crystal structure (see Figure 3.64).

At every heating equilibration step, an EDS is measured. Figure 3.65
shows the associated EDS at the different temperatures. At 50 °C there is
a clear sulfur signal originating from ETT. The materials’ composition and
chalcopyrite crystal phase thereby are unaltered in the temperature range up
to 400 °C also seen in the Selected Area FElectron Diffraction (SAED) of the
sample (see Figure 3.66).

Figure 3.64 shows CIGS NCs at different temperatures. A reduced inter-
particle distance as determined by Small Angle X-ray Scattering (SAXS, see
section 3.8) is also apparent in the TEM images at 250 °C, the temperature
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Figure 3.65: The sulfur content originating from ETT is completely removed
during heating of the sample.

where ETT starts to decompose. At 400 °C the NCs have started sintering
and form assemblies. During heating of the CIGS NCs residual sulfur from
ETT exchange is completely removed within the heating range (see Figure

3.65).

When heating CIGS NCs to 550 °C and higher, the same dense crystalline
assembly formation occurs as described for elongated CIS in 3.7.1.

In summary, the success of the ligand exchange is underpinned.

It is

possible to sinter CI(G)S NCs after the thermolysis of ETT at significantly
lower temperatures than OLA capped NCs.

Thin films of NC solids are obtained that can be heated to temperatures
where the particles migrate closer together but still show the composition of
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3.7 In-situ TEM Heating Experiments - Sintering CI(G)S NCs and X-ray
Photoelectron Spectroscopy of CIS Surfaces

Figure 3.66: SAED of in-situ TEM heated CIGS NCs, materials composition
and crystal phase stay unaltered between 50 °C and 400 °C.

Figure 3.67: ETT capped CIGS NCs, heated to 550 °C
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3 Results and Discussion

the initial NCs. This is an additional feature which opens NCs’ wide range
applicability for different research approaches.

During further heating, the NC solids start sintering without detrimental
carbonization effects like detected in OLA stabilized samples.
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3.8 Small Angle X-ray Scattering (SAXS) of CI(G)S NCs
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Figure 3.68: SAXS of elongated CIS NCs with reduced center-to-center dis-
tance and improved ordering of NCs after ETT exchange. ['®!

3.8 Small Angle X-ray Scattering (SAXS) of
CI(G)S NCs

To examine long-range ordering of ETT capped CI(G)S NCs in comparison
with initially OLA capped samples, Small Angle X-ray scattering (SAXS)
measurements are performed. The use of spherical and cylindrical form fac-
tors and structure factors which represent the ordering of the NCs allow for
the precise determination of size and shape of the investigated CI(G)S NCs,
the interparticle distances and their size distribution.

SAXS reveals that the interparticle distance of NCs decreases after ligand
exchange from OLA to ETT and underpins the successful procedure. The
center-to-center distance of elongated CIS NCs (size distribution: 5.6 nm
+1.4 nm in length) decreases by 4.7 nm after ETT exchange (Figure 3.68). 18!
This high value originates from the broad scattering profile of the NCs and
leads to certain inaccuracies in NC size distribution and in OLA length and
spacing estimation.

However, after ligand exchange ETT capped samples show significantly
improved ordering, visible in the narrowed peak width of the scattering curve
and the fit quality of the associated simulated pattern. After heating the
samples to 260 °C for 90 minutes, the center-to-center distance of the ligand-
free NC films further decreases by 0.6 nm. At the same time the peak width
broadens due to close assembling and aggregation of the NCs in bare films.
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Figure 3.69: SAXS of CIGS NCs prior to and after ligand exchange with
the center-to-center distance decreasing from OLA capped over
ETT exchanged to heated ligand-free NCs. [18!

The center-to-center distance of CIGS NCs (7.4 nm +1 nm) decreases by
0.9 nm after ligand exchange (Figure 3.69). The peak width is significantly
narrowed indicating small size distribution of the NCs and improved ordering.
After annealing of the sample at 260 °C, the center-to-center distance of the
NCs further decreases by 0.7 nm and the peak width of the heated samples
broadens like described for CIS NCs (see in-situ TEM heating experiments
in 3.7, Figure 3.64, closely assembled individual CIGS NCs at 250 °C).

SAXS patterns of trigonal pyramidal CIS NCs are excluded as the particles
have a broad size distribution and lack distinct long-range ordering.

The scattering results show that elongated CIS and CIGS NCs both feature
improved long range ordering after ligand exchange upon ETT, accentuating
the beneficial role of ETT as ligand for the chalcopyrite systems.
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3.9 Electrical Transport Measurements and Conductivity

3.9 Electrical Transport Measurements and
Conductivity

Electrical transport in closely assembled NC solids is highly dependent on
the NC surface functionalization (see section 2.5).1'¥) Long-chained organic
capping agents suppress effective interparticle coupling and lead to high tun-
neling barriers for electrons and thus insulating behavior of the materials. [°°!
Reduced interparticle distance improves particle coupling and hence charge
transport in NC assemblies.

To monitor and measure the effect of reduced interparticle distance upon
ligand exchange with ETT (determined by TEM and SAXS, see subsection
3.7.1 and 3.7.3 and section 3.8), the electrical transport properties of CI(G)S
NCs are determined prior to and after ETT thermolysis (see Figure 3.70).
The results are compared to conductivities of MTT stabilized CI(G)S NC
films and OLA capped CI(G)S NC films.

ETT exchanged CI(G)S NC films show up to 3.6 orders of magnitude
enhanced conductivities after ETT thermolysis under illumination. CIS NC
films thereby show a higher conductivity improvement than CI(G)S NC films.
The difference is explained by the generally high number of surface originat-
ing trap states in CI(G)S materials which leverage to a greater extent in
smaller NCs with a higher surface-to-volume ratio.

The conductivities of MTT stabilized CI(G)S NC films lie in the same
range like ETT capped samples and underpin the general suitability of thio-
tetrazole-based ligands with low thermolysis temperature for processing ligand-
free NC solids.

Interestingly, OLA stabilized CI(G)S NC films exhibit relatively high con-
ductivities after thermal annealing of the films at 260 °C. This enhancement
is attributed to carbonization effects known to occur in long-chained hy-
drocarbon ligand stabilized and heated NC films. The results for improved
conductivity in OLA capped annealed CIS NC films are in agreement with
observations made during in-situ TEM experiments (see section 3.7). The
NCs are embedded in a ‘carbon-matrix’ (see Figure 3.59 at 250 °C and Fig-
ure 3.60 at 300 °C on page 79, respectively 80) leading to enhanced electrical
transport.

Exemplarily heating and electrical transport characterizing OLA stabilized
CI(G)S NCs once more supports the beneficial role of the thiotetrazole-based
ligands as they in contrast yield organics-free NC solids.
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3 Results and Discussion

Figure 3.70: Ligand exchange scheme of CI(G)S NCs with ETT and subse-
quent spin-coating step, film processing and electrical transport
measurements prior to and after thermolysis of the ligand. 18!

3.9.1 ETT stabilized CulnSe, and Culn;_,Ga,Se, NCs

As ETT undergoes thermolysis at different temperatures for the three CI(G)S
systems (see Figure 3.22; 3.23 and 3.24), all NC thin film samples are heated
to 260 °C to assure complete ETT thermolysis and comparable conditions,
but prevent sintering of the NCs as observed in the range of 400 °C (see
section 3.6 and 3.7).

In a typical experiment, 20 L (2 x 10 uL) of a colloidal CI(G)S NC solution
are spin-coated (20 sec at 500 rpm, subsequently 20 sec at 2000 rpm) onto a
highly n-doped silicon substrate with a 300 nm insulating layer of silicon oxide
and pre-deposited gold electrodes. Directly after spin-coating, the substrates
are transferred to a probe station connected to a parameter analyzer and
electrical measurements are carried out under vacuum conditions. ®!

The NC thin films are characterized in the dark and under illumination
with a Schott ACE 150 Watt halogen AC powered light source with fiber
optics. The bias voltage Vg, is swept between -5 V and +5 V.

After measuring the current-voltage curves of ETT capped NCs, the sam-
ples are transferred to an oven and heated to 260 °C for 90 minutes under
oil pump vacuum. The annealed samples are kept under argon as they are
prone to oxidation and transferred back to the probe station. The previously
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Figure 3.71: Current-voltage curves of trigonal pyramidal CIS-ETT NCs (A-
CIS) at room temperature with a conductivity increase by 3.6 or-
ders of magnitude after thermolysis of ETT. [l

characterized devices are measured again in the dark and under illumination.
The conductivity of the samples is then calculated according to

g L
Ve h-W

with Vds = 4200 mV, channel length L = 300 nm for trigonal pyramidal
CIS, 350 nm for elongated CIS and CIGS, width W = 14.5 ym and height
h of the film ~20 nm for trigonal pyramidal CIS and ~40 nm for elongated
CIS and CIGS films.[**

To determine the conductivities, three devices with each holding at least
80 measurable contacts are used. Figure 3.71 shows the current-voltage char-
acteristics of a trigonal pyramidal CIS NC thin film (see Figure 3.72) prior
to and after ETT thermolysis on the logarithmic scale.

Table 3.7 depicts the associated conductivities of trigonal pyramidal CIS
NCs. Prior to ligand thermolysis, trigonal pyramidal CIS NCs exhibit a
conductivity of 3.69 x 107 S/cm in the dark. These values are comparable
to conductivities measured for trigonal pyramidal CIS NCs capped with the
initial ligand OLA (see 3.9.3). After ETT thermolysis however, the NC
film shows a 3.6 orders of magnitude enhanced electrical transport with a
conductivity of 5.91 x 107 S/cm under illumination.

Elongated CIS NC films were characterized likewise, (see Figure 3.73 and
3.74 and table 3.8) exhibiting conductivities of 5.35 x 107 S/cm in the dark

o (3.2)
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3 Results and Discussion

Figure 3.72: A densely packed quasi-monolayer of trigonal pyramidal CIS-
ETT NCs (A-CIS).

o [S/cm]
Ligand A-CIS
ETT 3.69 x 107°
ETT illum 4.63 x 107
ETT heat 4.23 x 107

ETT heat illum. 5.91 x 1076

Table 3.7: Conductivities of ETT capped trigonal pyramidal CIS NCs.
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Figure 3.73: Current-voltage curves of elongated CIS-ETT NCs with a con-
ductivity increase by 2.6 orders of magnitude after thermolysis
of ETT.8l

prior to ligand thermolysis. The hysteresis in the current-voltage curves of
ETT capped samples prior to the annealing step (see Figure 3.71, 3.73 and
3.75) originates from charging of the NC film when a bias voltage of -5 V to
+5 V is applied. However, after annealing this effect is minimized once more
underpinning the successful ligand-free state of the NC films.

Electrical transport in elongated ligand-free CIS NCs is enhanced by 2.6 or-
ders of magnitude to conductivities of 2.05 x 107® S/cm under illumination
(see Figure 3.74 for densely packed elongated CIS NC films).

In comparison with trigonal pyramidal NCs, it is apparent that the NC
size plays a role in electrical transport of the CIS materials. Elongated CIS

o [S/cm]
Ligand Elongated CIS
ETT 5.35 x 107
ETT illum 7.53 x 1078
ETT heat 1.45 x 107¢

ETT heat illum. 2.05 x 107

Table 3.8: Conductivities of ETT capped elongated CIS NCs.
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3 Results and Discussion

Figure 3.74: Elongated CIS-ETT NCs, densely packed film without cracks
and holes over a long range.

NCs with an average size of 9 nm show one order of magnitude reduced
conductivity compared to 19 nm sized trigonal pyramidal CIS NCs. Two
factors are supposable for this behavior:

1. CI(G)S is a defect compound exhibiting many (surface) originating
trap states!"'7113] that rise in importance when the surface-to-volume
ratio in smaller NCs increases. Trap states can lead to charge carrier
recombination and reduced electrical transport. 114

2. Charge carriers in smaller NCs have to overcome more grain boundaries
to cross the channel length and will likely more often recombine. In
addition, if looking at a NC film as a series of resistors with each (albeit
infinitesimal) interparticle spacing representing one resistor, the more
resistors you have, the larger will be the total resistance.

Figure 3.75 shows electrical transport of CIGS NC films (Figure 3.76) ex-
hibiting conductivities of 1.21 x 107® S/cm in the dark prior to ligand ther-
molysis (see table 3.9). After annealing, the same devices show 1.8 orders of
magnitude enhanced conductivity of 7.54 x 10~7 S/cm under illumination.

Here, again probably the higher number of surface originating trap states
and grain boundaries in smaller NCs may lead to a lower conductivity.

All NC types show slight photoresponse after ligand thermolysis, whereas
CIGS NCs exhibit the strongest effect (see Figure 3.77). The current mea-
sured at +5 V increases from 5 x 1071 to 1 x 1072 A (see Figure 3.77c), a
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Figure 3.75: Current-voltage curves of ETT capped CIGS NCs with a con-

ductivity increase by 1.8 orders of magnitude after thermolysis
of ETT. 18

Figure 3.76: A densely packed film of CIGS-ETT NCs without cracks and
deeper holes over a long range.
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3 Results and Discussion

o [S/cm]
Ligand CIGS
ETT 1.21 x 1078
ETT illum 1.78 x 1077
ETT heat 4.59 x 1077

ETT heat illum. 7.54 x 10~7

Table 3.9: Conductivities of ETT capped CIGS NCs.

2 fold gain, when ligand-free NCs are illuminated by diffuse microscope light.
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Figure 3.77: Photoresponse of ligand-free (a) trigonal pyramidal CIS (b) elon-
gated CIS and (c¢) CIGS NCs.
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3 Results and Discussion

o [S/cm]
Ligand A-CIS Elongated CIS CIGS
MTT 5.54 x 107? 7.65 x 10710 1.06 x 107°
MTT illum 7.00 x 107 7.65 x 10710 1.06 x 107°
MTT heat 3.15 x 107¢ 4.64 x 10°¢ 4.56 x 10~°
MTT heat illum. 3.50 x 107° 1.10 x 1077 6.22 x 1076

Table 3.10: Conductivities of MTT stabilized CI(G)S NCs.

3.9.2 MTT stabilized CulnSe, and Culn;_,Ga,Se; NCs

Conductivity determination of MTT stabilized CI(G)S NCs supports the

general benefit of thiotetrazole-based ligand exchanges for CI(G)S NCs.

The conductivities of MTT capped CI(G)S NC films lie in the same range
as the conductivities determined for ETT capped samples (see table 3.10 and
3.12), showing that reducing the thiotetrazole unit by one —CH, group has
no impact on the electrical transport performance of the ligand-free, closely

assembled CI(G)S NC solids.
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3.9 Electrical Transport Measurements and Conductivity

o [S/cm]
Ligand A-CIS Elongated CIS CIGS
OLA 2.76 x 1078 2.68 x 1077 2.89 x 1077
OLA illum 3.46 x 1078 3.19 x 1077 4.74 x 1077
OLA heat 1.58 x 10710 1.51 x 107© 4.76 x 107°

OLA heat illum. 2.17 x 107° 1.83 x 107° 6.70 x 1076

Table 3.11: Conductivities of OLA stabilized CI(G)S NCs.

3.9.3 OLA stabilized CulnSe, and Culn;_,Ga,Se; NCs

Conductivities of ETT and MTT exchanged CI(G)S NC solids are compared
to conductivities of OLA capped CI(G)S NCs films. The electrical transport
measurements are performed under ambient pressure and atmosphere.

Prior to the annealing step at 260 °C, OLA capped CI(G)S NCs exhibit
conductivities higher than thiotetrazole stabilized NCs (see table 3.11). As
electrical transport measurements of OLA capped CI(G)S NCs are conducted
under ambient pressure in air, it is possible that effects caused by the reaction
with oxygen lead to higher conductivities in OLA capped CI(G)S.

After annealing, conductivities of OLA capped elongated CIS and CI(G)S
NCs increase due to carbonization effects known to set in when NCs are
heated with long-chained hydrocarbon ligands (see 3.7.2).110)

The conductivities of ETT and MTT exchanged CI(G)S and OLA stabi-
lized NCs prior to and after annealing in the dark and under illumination
are summarized in table 3.12.

In conclusion, the formation of virtually bare CI(G)S NCs by thermolyzing
ETT and MTT leads to improved electrical transport in closely assembled
NC solids depending on the size and surface trap number and density in the
NCs.

It is shown that annealing of OLA capped CI(G)S leads to carboniza-
tion of the NC films, representing a detrimental effect for the semiconduct-
ing properties of the CI(G)S and leading to impracticality for their use in
semiconductor-related technologies like LEDs, photodetectors or transistors.

The application of ETT as ligand is superior as it leads to the possibility
to determine the electrical transport of ligand-free CI(G)S NCs and to sinter
CI(G)S NCs to close crystalline assemblies which is not possible with OLA
capped CI(G)S NCs.
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3 Results and Discussion

o [S/cm]

Ligand A-CIS Elongated CIS CIGS

ETT 3.69 x 107 5.35 x 107 1.21 x 1078
ETT illum 4.63 x 107 7.53 x 1078 1.78 x 1077
ETT heat 4.23 x 1076 1.45 x 1076 4.59 x 1077
ETT heat illum. 5.91 x 1076 2.05 x 107 7.54 x 1077
MTT 5.54 x 107 7.65 x 10710 1.06 x 107°
MTT illum 7.00 x 107° 7.65 x 10710 1.06 x 107°
MTT heat 3.15 x 1076 4.64 x 107 4.56 x 1076
MTT heat illum. 3.50 x 10~¢ 1.10 x 1077 6.22 x 1076
OLA 2.76 x 1078 2.68 x 1077 2.89 x 1077
OLA illum 3.46 x 1078 3.19 x 1077 4.74 x 1077
OLA heat 1.58 x 10710 1.51 x 1076 4.76 x 1076
OLA heat illum. 2.17 x 107° 1.83 x 1076 6.70 x 1076

Table 3.12: Conductivities of ETT and MTT exchanged and initially OLA
stabilized CI(G)S NCs for comparison; it is possible that the
reaction with oxygen leads to improved conductivities of OLA
capped CI(G)S NCs in comparison with ETT and MTT capped
CI(G)S samples prior to annealing.
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3.10 2D Indium Selenide Nanosheets

Indium Selenide Sheets - Ensemble

Element Atom% Error

Se (Ref.) L"  69.54 0.03
In L" 30.46 0.04

Table 3.13: EDS of multiple In Se, nanosheets in atom%.

3.10 2D Indium Selenide Nanosheets

Determining and describing the synthesis effects leading to the formation of
hexagonal two-dimensional In,Se, nanosheets is still underexplored.

Investigation of different reaction attributes in In Se, nanosheets at the
moment lead to the assumption that the two-dimensional structures’ for-
mation mechanism is based on aggregative growth and associated oriented
attachment processes (see 2.2 and 2.6).

Furthermore, it is assumed that the formation of hexagonal indium selenide
nanosheets can be described by a model of Hayashi et al. who report the
formation of either hexagonal or trigonal InSe, depending on the selenium
ratio in reaction (see 2.6).[776]

If a high selenium amount is present, hexagonally shaped InSe is formed
in contrast to trigonally formed InSe structures when the selenium amount
is decreased. [™!

The indium and selenium precursors in our case are templated by the sta-
bilizer and co-solvent octadecylamine (ODA, exchange from OLA to ODA).
The compound is solid at room temperature and dissolves at temperatures
in the range of 75 °C.

In the case of the In, Se, nanosheets, most likely small primary In,Se, NCs
are assembled via oriented attachment into their final hexagonal or trigonal
structure. [1°)

It is important to note that a stoichiometrical amount of indium to sele-
nium precursor in reactions fails in the formation of two-dimensional In Se,
nanosheets.

The stoichiometry of the obtained In,Se, structures clearly deviates from
the stoichiometry described for hexagonal InSe. EDS shows that the material
exhibits an indium to selenium ratio of roughly 1:2 (see table 3.13 and table
3.14 for a single sheet).

Figure 3.78a depicts a TEM image of a typical In Se, nanosheet with a
hexagonal crystal system shown by the SAED of the structure (see Figure
3.78b) and pointing in the direction of the hexagonal InSe stoichiometry.
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Single Indium Selenide Sheet

Element Atom% Error

Se (Ref.) L"  58.72 0.28
InL" 41.28 0.29

Table 3.14: EDS of a single In, Se, nanosheet in atom%.

1/20 pm

(b)

Figure 3.78: (a) Single In Se, nanosheet and (b) associated SAED elucidat-
ing a hexagonal crystal structure.

This assumption is supported by the SEM images in Figure 3.83 on page
107. Here, a film of In,Se, sheets is depicted, showing big bright spheres
which most likely originate from elemental selenium accumulating on the
nanosheets.

The reason for the formation of elemental selenium is that it has to be
used in excess for reaction. The formed elemental selenium spheres are also
detected in EDS and may lead to the stoichiometry deviation. However, as
indium selenide exists in various stoichiometries and phases, the formation
of a mixed phase in In Se, nanosheets cannot be excluded (see section 2.6).

The formation mechanism for In, Se, nanosheets’ hexagonal or trigonal
shape is tested by modifying the reaction conditions. Hexagonal sheets are
formed at an early stage of reaction when the selenium to indium ratio is
balanced ™ and are depicted in Figure 3.79 after 5 minutes at 240 °C.

104



3.10 2D Indium Selenide Nanosheets

Figure 3.79: In,Se, nanosheets synthesized for 5 min at 240 °C and showing
a hexagonal structure.

In the time range of 5 minutes to 60 minutes, the structure of the In Se,
nanosheets transfers from a hexagonal to a more trigonal one. This can
be explained by the amount of selenium available for incorporation into the
nanosheets. As the reaction proceeds, excess elemental selenium is not fur-
ther incorporated into hexagonal In Se, nanosheets but accumulates on the
formed structures (see Figure 3.83 and 3.84 on page 107). In,Se, nanosheets
further grow in trigonal direction (see Figure 3.82 on page 107).

As previously described by Dogan et al., it is possible to contact single
semiconductor PbS nanosheets and determine their electrical transport prop-
erties. 1 Such two-dimensional quantum well structures exhibit entirely dif-
ferent properties from films of assembled quantum dots of which enhanced
electrical transport is only one advantage. !¢

Similar enhancements are to be expected in the case of In,Se, nanosheets
as described in the present work, provided the size of an average sheet can
be increased such that contacting with suitable electrodes becomes possible.

105



3 Results and Discussion

Figure 3.80: In,Se, nanosheets synthesized for 15 min at 240 °C, slightly
losing the hexagonal shape.

Figure 3.81: In,Se, nanosheets synthesized for 30 min at 240 °C, a mix of
hexagonal and trigonal structures.
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Figure 3.82: In Se, nanosheets synthesized for 60 min at 240 °C with a rather
trigonal structure.

Figure 3.83: A film of In,Se, nanosheets with a high amount of elemental
selenium accumulating as spheres on the film.
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Figure 3.84: A film of In Se, nanosheets from a lower concentrated solution,
exhibiting less accumulated selenium on the film.
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3.11 Gallium Arsenide Nanocrystals

3.11 Gallium Arsenide Nanocrystals

A novel simple wet-chemical way to obtain rather monodisperse GaAs NCs
(8.4 nm) in a three-step formation is presented. The described transmetala-
tion reaction pathway offers an effective way to obtain high quality GaAs NCs
in terms of size distribution and crystallinity. The precursors used for reac-
tion are low-cost reactants with a moderate toxicity, offering a cost-effective
way to obtain the desired materials. The presented solution-processed syn-
thesis route significantly broadens the scope of possible applications for GaAs
and other III-V semiconductor NCs. 12

3.11.1 Three-step Formation of I11-V Nanocrystals

The general reaction path for the synthesis of III-V NCs is discussed ex-
emplary for GaAs. The formation of GaAs NCs using n-butyllithium as
a reduction reagent occurs in three steps. Every NC reaction starts with
a transmetalation taking place, when GaCl, reacts with n-butyllithium at
elevated reaction temperatures. Herein, three intermediate products have
been reported (see equation A-C). Note that diverse fragmentation modes
are possible for R,GaCls., compounds. 117118

(A) GaCl, + RLi — RGaCl, + LiCl
(B) GaCl, + 2RLi — R,GaCl + 2LiCl
(C) GaCly + 3RLi — RyGa -+ 3LiCl

The degree of substituted halide ligands in the particular metal salt depends
on the molar ratio of n-butyllithium to the corresponding halide used for
reaction. All three transition states are likely to coexist, although they are
not isolated during reaction. The metal alkyl compounds decompose to form
elemental gallium which subsequently reacts with Mg, As, to form GaAs NCs
as schematically described in Figure 3.85. Figure 3.86 shows TEM images
of crystalline and rather monodisperse GaAs NCs obtained in a typical syn-
thesis with GaCl; as precursor. The particles have an average size of 8.4 nm
(£1.7 nm) in diameter. The crystal phase of the NCs is characterized by
SAED shown in Figure 3.86B and powder XRD (see Figure 3.87A).

The SAED shows the characteristic pattern of the cubic phase (F-43m)
of GaAs with the corresponding lattice spacing of 3.27 A [111], 2.00 A [220]
and 1.71 A [311]. EDS confirms the composition of the material is gallium
and arsenic nearly 1:1 with a slight gallium excess (see Figure 3.88).

The samples for powder XRD measurements are precipitated several times
to remove residues of unconverted Mg;As, and by-products like MgO, which
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A

hydrocarbon
GaCly + nLik —>2¥eM R GaCly., | + nLicl
n=1-3
in solution,
not isolated
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M93A32 Gao

GaAs NCs

Figure 3.85: Transmetalation reaction of GaCly resulting in elemental gal-
lium at elevated temperatures and in GaAs NCs after reaction
with Mg;As,.

Figure 3.86: TEM image of crystalline GaAs particles and inset of a single
NC (A), corresponding SAED (B) and a histogram of NC size
distribution.
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Figure 3.87: (a) Powder XRD pattern of GaAs NCs, vertical lines below indi-
cate corresponding bulk GaAs reflexes, (b) UV-Vis absorption
spectrum of a typical GaAs NC synthesis taken after 1 h of
reaction time.

forms in the course of the NC purification from elemental magnesium. A
small amount of elemental magnesium is formed during the reaction, be-
cause of the reductive conditions supplied by n-butyllithium addition. All re-
flexes correspond to the common face-centered cubic (fcc) structure of GaAs
(JCPDS # 00-080-16).

Distinctive absorption edges in the absorption spectrum of a typical GaAs
NC synthesis shown in Figure 3.87B are absent. This result is in qualitative
agreement with observations made by Butler et al. who describe that ab-
sorption features in GaAs are only observable for NCs with sizes less than
or equal to 4 nm and who attribute these features to discrete electron tran-
sitions in the material.®!/ When exceeding sizes of 4 nm, GaAs NCs lack of
Spefctlial features like similarly examined by Byrne et al.''% and Sandroff et
al‘ 120

A possible reason for the absence of absorption features in GaAs NCs might
be the low exciton ‘binding energy’ in the material (0.007 eV).[*121 This
would mean that absorption features can only be observable at temperatures
of 80 K and lower. [

3.11.2 Molecular Gallium to Arsenic Ratio in the Reaction

An important factor in the GaAs NC synthesis is the molar ratio of the
gallium and arsenic precursors. Best crystalline GaAs NCs with smallest
size distribution are obtained with a gallium to arsenic ratio of 1:2.
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Figure 3.88: EDS of GaAs NCs, performed on a copper grid.

A stochiometrical gallium to arsenic ratio of 1:1 leads to a broader size dis-
tribution of the NCs with additional gallium spheres in the reaction mixture.
A gallium excess (Ga:As ratio of 2:1) leads to a sediment of bulk material
composed of GaAs and undefined by-products.

Only if the formation rate of elemental gallium is adjusted with the reactiv-
ity of the arsenic source Mg, As, at temperatures of 300 °C, NCs are obtained.
If the concentration of elemental gallium in solution is too high, the arsenic
source is not able to react with all the gallium available for reaction which
results in the formation of elemental gallium spheres.

If the release of elemental gallium in solution is too low, the reaction yields
amorphous GaAs agglomerates. '

3.11.3 Reactivity of Gallium(l1l) Halides and HSAB
Principle

Using the different gallium(III) halides GaF,, GaCl,, GaBr; and Gal; as
precursors for the GaAs synthesis clearly shows the dependency of the sizes,
size distribution and morphology of the NCs on the different precursors.

In good correlation with the Hard and Soft Acids and Bases (HSAB) prin-
ciple introduced by Pearson, the leaving group ability of the gallium(III)
halides enhances from fluoride over chloride and bromide to iodide, the big-
ger the halide, the better its ability to stabilize a negative charge.*"%® This
ability leads to the assumption that elemental gallium available for the NC
reaction is formed the slowest from GaF; and the fastest from Gal,. Figure
3.89 shows the syntheses results with GaCl; (A), GaBry (B) and Gal; (C)
as gallium precursors.

The formation of GaAs NCs fails using GaF as a precursor. The average
size of GaAs NCs in Figure 3.86A and 3.89A is 8.4 nm (1.7 nm) in diameter.
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3.11 Gallium Arsenide Nanocrystals

100 nm

Figure 3.89: GaCl; (A), GaBr; (B) and Gal; (C) as gallium precursor for the
reaction.

GaAs NCs obtained with GaBry as precursor are slightly bigger, showing
an average size of 11.6 nm (42.8 nm, see Figure 3.89B).

Polycrystalline structures of different morphologies like elemental gallium
spheres, GaAs nanoneedles and NCs were obtained by using Gal; as precursor
(see Figure 3.89C). 12

3.11.4 GaAs Synthesis Reaction Temperature

The influence of the reaction temperature on GaAs NC syntheses is tested
for 250 °C, 270 °C, 300 °C and 315 °C. Best results are achieved at a reaction
temperature of 315 °C. Below 300 °C, the reaction mixtures turn turbid gray,
indicating the formation of elemental, macro sized gallium with diameters of
several hundred nanometers.

3.11.5 Applicability of the Transmetalation Reaction

The transmetalation reaction and the subsequent formation of NCs from ele-
mental gallium or indium formed within this process is tested for a variety of
different III-V semiconductor NCs. InP NCs with sizes of 8.7 nm (£1.9 nm)
depending on the indium precursor are synthesized.

InAs NCs with sizes of 15.7 nm (£4.3 nm) are successfully synthesized and
for the first time it is possible to obtain GaP NCs (see Figure 3.90.

For further information and experiments the reader is forwarded
to the corresponding reference of Lauth et al.!'?]

A novel simple wet-chemical way to obtain rather monodisperse GaAs NCs
(8.4 nm) in a three-step formation is presented. The described transmeta-
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50 nm 10 nm

Figure 3.90: InAs, InP and GaP NCs synthesized via the transmetalation
method.

lation reaction pathway offers an effective way to obtain high quality GaAs
NCs in terms of size distribution and crystallinity.

InP NCs (8.7 nm) are synthesized, that, to the best of our knowledge, show
the best size distribution for bigger sized InP NCs up to now.

The principle of the transmetalation reaction pathway is extended to InAs
NCs, which tend to show bigger average sizes (15.7 nm) than most commonly
synthesized InAs NCs from (TMS),As as precursor.

First experiments in obtaining GaP NCs are made, showing the universal
use of the transmetalation reaction.

The precursors used for reaction are low-cost reactants with a moderate
toxicity, offering a cost-effective way to obtain the desired materials. The
presented solution-processed synthesis route significantly broadens the scope
of possible applications for GaAs and other III-V semiconductor NCs.
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4 Summary

This work is based on the comprehensive analysis of Culn(Ga)Se, NCs with
regard to their applicability towards optoelectronic NC solids.

Wet-chemical syntheses approaches are modified and enhanced, thereby
emphasizing the importance of well-balanced precursor combination and re-
action conditions to obtain CI(G)S NCs with high quality in terms of crys-
tallinity, reproducibility and size distribution. The obtained materials are
further utilized for ligand exchange reactions and determination of their elec-
trical transport properties.

A wet-chemical ligand exchange procedure for the processed CI(G)S NCs
with 1-ethyl-5-thiotetrazole is established and the exchange is monitored by
Attenuated Total Reflectance Fourier Transformation Infrared Spectroscopy,
Thermogravimetric Analysis and X-ray Photoelectron Spectroscopy.

The ligand exchanged CI(G)S NCs are used to compare their suitability for
solution-processed, ligand-free NC solids with enhanced electrical transport
properties. It is proven that electrical transport in CI(G)S NC solids is signif-
icantly enhanced after the ligand thermolysis. The reason for the enhanced
electrical transport is the reduced interparticle distance in ligand exchanged
and ligand-free CI(G)S NC solids which leads to improved coupling of the
CI(G)S NCs and is characterized by Transmission Electron Microscopy, X-
ray Diffraction and Small Angle X-ray Scattering.

In-situ. Transmission Electron Microscopy and X-ray Diffraction heating
experiments reveal the unique suitability of the described method: The pos-
sibility to sinter virtually bare CI(G)S NCs without detrimental organic
residues. This property, for the first time, offers the possibility to process
ligand-free NC surfaces by a wet-chemical method.

This work describes the possibilities for CI(G)S NCs, starting with the
reproducible processing of the materials in high quality to the subsequent
functionalization of the NCs to determine their electrical transport proper-
ties.

It is intended to act as starting point for utilizing the materials in photo-
voltaics.

Furthermore, first synthesis and characterization steps for two-dimensional
In,Se, nanosheets are carried out by omitting the copper reactant from



4 Summary

CI(G)S synthesis and slightly varying the reaction conditions. Pursuing con-
trol over the size of the nanosheets with a multiphase and multicrystal system
like indium selenide will lead to the possibility to characterize the electrical
transport properties of the nanosheets.

To elucidate the reaction pathways of Culn(Ga)Se, related compounds
including III-V semiconductors, synthetic routes for III-V NCs, mainly GaAs,
are established.

The presented transmetalation reaction pathway offers the possibility to
process the most common III-V NCs: GaAs, InP, InAs and GaP.

This work shows that by carefully probing and adjusting the reaction con-
ditions and behavior of the different elements in the investigated compounds,
complicated I-ITI-VI; and III-V semiconductor NCs can be rationally synthe-
sized to allow access to promising functional materials for regenerative energy
conversion.

Zusammenfassung

Die vorliegende Arbeit basiert auf der eingehenden und fundierten Ana-
lyse von Culn(Ga)Se, Nanokristallen hinsichtlich ihrer Nutzung als opto-
elektronische Nanokristall Festkorper.

Nasschemische Syntheserouten werden hierfiir modifiziert und verbessert
und unterstreichen dabei die Bedeutsamkeit von ausgewogener Vorstufenkom-
bination und angepassten Reaktionsbedingungen, um qualitativ hochwertige
Nanokristalle zu erhalten, welche kristallin, eng gréfenverteilt und repro-
duzierbar herzustellen sind. Diese Nanokristalle werden fiir weiterfiihrende
Zwecke wie den Ligandenaustausch und die Charakterisierung ihrer elek-
trischen Transporteigenschaften verwendet.

Ein Ligandenaustauschprozess fiir die hergestellten CI(G)S Nanokristalle
wird etabliert und mithilfe von Attenuated Total Reflectance Fourier Trans-
formation Infrared Spectroscopy, Thermogravimetric Analysis und X-ray Pho-
toelectron Spectroscopy untersucht. Die ausgetauschten CI(G)S Nanokristalle
werden auf ihre Eignung als nasschemisch hergestellte, liganden-freie Nano-
kristalle mit verbesserten elektrischen Transporteigenschaften untersucht.

Es wird nachgewiesen, dass sich der elektrische Transport in CI(G)S Nano-
kristallen nach der Ligandenthermolyse signifikant verbessert. Hierfiir ist die
Abnahme des Interpartikelabstandes verantwortlich, welcher zu verbesserter
Kopplung der Nanokristalle fiihrt und durch weitreichende Transmission
Electron Microscopy und X-ray Diffraction Analysen und Small Angle X-
ray Scattering Messungen charakterisiert wird.
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In-situ Transmission Electron Microscopy und X-ray Diffraction Heizex-
perimente unterstreichen die einzigaratige Eignung der beschriebenen Me-
thode: Die Méglichkeit, quasi-freie Nanokristalle ohne nachteilige Einschliisse
von organischen Resten zu diinnen kristallinen Festkorpern zu sintern. Diese
Eigenschaft ermoglicht es erstmals mithilfe eines einfachen nasschemischen
Weges, ligandenfreie Nanokristalloberflichen zu erhalten.

Die vorliegende Arbeit beschreibt die Moglichkeiten eines hoch interes-
santen und niitzlichen Materials, von der reproduzierbaren Herstellung in
hoher Qualitéit, iiber die Funktionalisierung der Nanokristalle, bis hin zur
Anwendung der neu herausgearbeiteten Materialeigenschaften. Sie soll als
Ausgangspunkt fiir die Nutzbarmachung des Materials in der Photovoltaik
dienen.

Weiterhin werden die Synthese und erste Charakterisierungsschritte fiir
interessante zweidimensionale In,Se, Nanosheets beschrieben, welche sich
durch die leichte Variation der CI(G)S Synthesebedingungen und AusschlieBen
von Kupfer als Reaktanden herstellen lassen. Die weiterfiihrende Kontrolle
iiber die Grofle der Nanosheets mit Indiumslenid als multikristallinem und
-phasigem System wird die Charakterisierung der elektrischen Tansporteigen-
schaften dieser interessanten diinnschichtigen Strukturen ermdglichen.

Um die moglichen Reaktionswege von Culn(Ga)Se,-&hnlichen Verbindun-
gen zu beleuchten, werden Syntheserouten fiir ITI-V Halbleiter Nanokristalle,
hauptséichlich GaAs, etabliert.

Der dargestellte Transmetallierungsweg ermoglicht die Herstellung der gang-
igsten III-V Halbleiter: GaAs, InP, InAs und GaP.

Die vorliegenden Arbeit zeigt, dass es durch die fundierte Untersuchung
und Anpassung der Reaktionsbedingungen der untersuchten Substanzen maog-
lich ist, komplizierte I-IT1I-VI; and ITI-V Halbleiter Nanokristalle zu erzeu-
gen und zu kontrollieren, die vielversprechene Materialien fiir regenerative
Energieansitze darstellen.
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5 Experimental

Unless stated otherwise all synthetic steps were carried out using standard
SCHLENK-line techniques under nitrogen as inert gas or inside a nitrogen
filled glovebox.

5.1 CulnSe; and Culny,Ga,Se; NC Syntheses

5.1.1 Trigonal pyramidal CulnSe;

Trigonal pyramidal CIS NCs were synthesized according to a method of Koo
et al.!® In a typical synthesis of 19 nm NCs, 0.50 mmol (50 mg) copper(I)
chloride were mixed with 0.500 mmol (111 mg) indium(III) chloride inside a
glovebox in a 25 mL threenecked flask equipped with a septum and thermo-
couple. 10 mL OLA were added to the components and the solution marked
A. The flask was connected to a condenser under nitrogen flow outside of the
glovebox.

In a separate 5 mL threenecked flask likewise equipped with septum, ther-
mocouple and condenser, 1.00 mmol (123 mg) selenourea were mixed with
1 mL OLA and marked solution B. Solution A was kept stirring under oil
pump vacuum at 60 °C for one hour whereas solution B was stirred under
nitrogen flow. After one hour solution A was set under nitrogen, heated to
130 °C for 10 minutes and subsequently cooled to 100 °C.

Solution B meanwhile was heated to 210 °C to dissolve the reactant and
set free selenium species for reaction. Subsequently it was cooled to 110 °C,
transferred by syringe and rapidly injected into solution A. The reaction
mixture was then heated to 240 °C with a rate of 15 °C/min.

After one hour of reaction time the suspension was cooled to room temper-
ature. 30 mL of ethanol were added to the crude product to precipitate the
NCs. The mixture was centrifuged at 4000 rpm for 4 minutes. The colorless
supernatant was discarded and the NCs redissolved in 5 mL chloroform. Af-
ter centrifugation of this solution at 4000 rpm for 5 minutes, the NC product
in the deep black supernatant was separated from sediment which contained
poorly capped NCs. The reaction typically yielded ~50 % purified NCs.



5.1 CulnSe; and Culn;_,Ga,Se, NC Syntheses

Characterization and ligand exchange were conducted with the purified
NCs from the supernatant. ['®!

5.1.2 Elongated CulnSe;

Elongated CIS NCs were synthesized based on a method by Panthani et
al.™ A typical synthesis included 0.50 mmol (61 mg) copper(I) acetate,
0.500 mmol (111 mg) indium(I1T) chloride and 1.00 mmol (123 mg) selenourea
mixed in a 25 mL threenecked flask and combined with 10 mL OLA. The
reaction solution was kept under oil pump vacuum at 60 °C for one hour,
then set under nitrogen and stirred for another hour at 110 °C. Subsequently
the mixture was heated to 240 °C and kept at this temperature for one hour.

Afterwards, the solution was cooled to room temperature. For purification
and additional stabilization of the NC product, 4 mL of a TOP/toluene
mixture (TOP/Tol 3:1) were added to the crude product. The solution
was vortexed and centrifuged at 4500 rpm for 5 minutes to remove poorly
capped NCs. The supernatant was separated from the sediment and 30 mL
2-propanol were added for precipitation. The mixture was centrifuged at
10000 rpm for 15 minutes. The NC product was redissolved in 5 mL chlo-
roform and filtered with a 0.2 ym hydrophobic syringe filter. 15 mL of a
methanol/2-propanol solution (4:1) were added and the mixture centrifuged
at 10000 rpm for 5 minutes.

The reaction typically yielded ~25 % purified NCs which were redissolved
in chloroform and used for characterization and ligand exchange. ['®!

5.1.3 Culnl_xGaxSez

CIGS NCs were synthesized based on a method by Panthani et al.['*) In a
typical one-pot synthesis, 0.10 mmol (12 mg) copper(I) acetate, 0.10 mmol
(22 mg) indium(III) chloride, 0.10 mmol (45 mg) gallium(III) iodide and
0.20 mmol (25 mg) selenourea were mixed in a 25 mL threenecked flask and
10 mL OLA were added. The reaction mixture was stirred at 60 °C under oil
pump vacuum, then set under nitrogen and stirred at 110 °C for an additional
hour and subsequently heated to 240 °C for one hour for reaction.
Afterwards, the solution was allowed to cool to room temperature. For pu-
rification and additional stabilization of the NC product, 4 mL of TOP/Tol
(3:1) were added to the crude product. The solution was vortexed and cen-
trifuged at 5600 rpm for 5 minutes to remove poorly capped NCs. The
supernatant was separated and 25 mL 2-propanol were added for precipita-
tion. The mixture was centrifuged at 10000 rpm for 15 minutes. The NCs
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were redissolved in 2 mL chloroform and filtered with a 0.2 pm hydrophobic
syringe filter.
The reaction typically yielded ~60 % NCs. 8]
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5.2 Choice of Selenium Precursors

5.2 Choice of Selenium Precursors

CI(G)S NC syntheses were conducted with different selenium precursors to
probe their use as efficient reactant with the different copper(I)-, indium(III)-
and gallium(IIT)-precursors. The vast majority of the experiments was con-
ducted with selenourea as selenium source as it turned out to be the most
effective selenium reagent for the investigated purpose (see 3.4).

5.2.1 Elemental Selenium

A Panthani et al. based CIS synthesis attempt with elemental selenium
as precursor ') involved the combination of 122 mg (1.00 mmol) copper(I)
acetate, 221 mg (1.00 mmol) indium(III) chloride and 158 mg (2.00 mmol)
selenium powder in a 25 mL threenecked flask. The reaction mixture was
stirred for one hour under oil pump vacuum at 60-75 °C and was subsequently
set under nitrogen at 110 °C for 90 minutes. The reaction temperature then
was set to 240 °C and the reaction was stirred for 4 hours after reaching this
temperature.

Afterwards, the reaction mixture was cooled to room temperature and pre-
cipitated three times with acetone. The mixture was centrifuged at 4500 rpm
for 5 minutes after the particular precipitation step and the sediment was sep-
arated and redissolved in toluene. The colorless supernatant was discarded.

The obtained CIS NCs were dissolved in toluene for characterization.

5.2.2 Bis(trimethylsilyl)selenide

0.50 mmol (61 mg) copper(I) acetate and 0.50 mmol (111 mg) indium(ITT)
chloride were mixed with 10 mL OLA inside the glovebox and set under
oilpump vacuum at 60 °C for 60 minutes. Subsequently, the mixture was set
to 110 °C for 60 minutes. After one hour, 1.0 mmol (TMS),Se were added
rapidly to the reaction mixture and the temperature was set to 240 °C. The
reaction mixture was stirred for one hour at this temperature and then slowly
cooled to room temperature.

Purification of the NC product involved transferring the reaction mixture
out of the glovebox and additional stabilization of the NC product with 4 mL
of TOP/Tol (3:1). The solution was vortexed and centrifuged at 5600 rpm for
5 minutes to remove poorly capped NCs. The supernatant was separated and
25 mL 2-propanol were added for precipitation. The mixture was centrifuged
at 10000 rpm for 15 minutes.

The NCs were redissolved in 2 mL chloroform and filtered with a 0.2 ym
hydrophobic syringe filter.
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ETT Ligand Exchange

Estimated ETT 2.8M in CHCl; [mL] Molar Excess Time [h]

NC  con- ETT vs. NCs

centration

in CHCl

[mmol/mL]
Trig. pyr. CIS 0.025 2 ~220 20
El. CIS 0.013 2 ~450 20
CIGS 0.006 2 ~930 30

Table 5.1: ETT Ligand Exchange Conditions for CI(G)S NCs.

5.3 Ligand Exchange and Surface Modification

5.3.1 1-Ethyl-5-thiotetrazole (ETT)

Ligand exchange of the CI(G)S NCs with ETT was conducted in solution. In
a typical experiment, 1 mL of a 0.025 M trigonal pyramidal CIS NC solution
in chloroform, that had been precipitated once with 2-propanol, was mixed
with 2 mL of a 2.8 M ETT chloroform solution (220 fold molar ligand excess,
conditions for ligand exchange, see table 5.1).

The ligand exchange mixture was stirred at 50 °C for 20 hours for CIS,
respectively 30 hours for CIGS NCs and subsequently precipitated once with
n-hexane.

5.3.2 1-Methyl-5-thiotetrazole (MTT)

For efficiently stabilizing CI(G)S NCs with MTT, ligand exchange variations
were performed. Elongated CIS NCs were ligand exchanged with MTT under
the same conditions like described in 5.3.1. CI(G)S NC ligand exchange with
MTT was modified. The NCs were precipitated once more with 2-propanol
from their initial purified chloroform solution. Subsequently, a high concen-
trated (5.6 M) MTT solution in tetrahydrofuran was used for incubating the
CI(G)S NCs. The solutions were combined like described in 5.3.1 and stirred
at 50 °C for 68 hours to enable ligand exchange.

The yield of MTT ligand exchanged trigonal pyramidal CIS and CIGS NCs
generally was lower than with ETT exchange.
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5.3 Ligand Exchange and Surface Modification

5.3.3 Meerwein’s Salt (Et;OBF,)

OLA capped CI(G)S NCs were drop-coated onto a silicon substrate and
soaked with a 500 mM Et;OBF, solution (95 mg in 10 mL dichloromethane).
The immersed substrates were rinsed with n-hexane to remove residual Meer-
wein’s salt.

123



5 Experimental

5.4 2D Indium Selenide Nanosheets

The indium selenide nanosheet synthesis is a modified approach based on a
synthesis by Koo et al. [

0.078 mmol (17 mg) indium(III) chloride were combined with 4.91 g oc-
tadecylamine (ODA) in a 25 mL threenecked flask and heated under oilpump
vacuum at 75°C to allow ODA to liquefy. Subsequently, the indium(IIT) chlo-
ride mixture was set under nitrogen, heated to 130 °C for 10 minutes and
then cooled to 100 °C. Meanwhile, 0.30 mmol (37 mg) selenourea in 4.0 mL
1-octadecene (ODE) were heated to 220 °C in a separate flask to allow dis-
solution of the selenium precursor. After cooling to 120 °C, the selenourea
solution was transferred from the flask by syringe and rapidly injected into
the indium(III) chloride mixture.

The combined reaction mixture was heated to 240 °C for one hour and
quenched by slowly cooling it to room temperature. At 100 °C, 5 mL toluene
were added to the solution to keep it fluid.

For purification, 10 mL 2-propanol were added to the crude product and
it was centrifuged at 5000 rpm for 5 minutes. The colorless supernatant
was discarded and the sediment redispersed in 3 mL toluene. The solution
was precipitated three additional times with 2-propanol and centrifuged at
10000 rpm.

The sediment from the last precipitation step was redispersed in chloroform
and used for characterization.

For monitoring the nanosheet formation (see 3.10), the reactions were
quenched at 5 min, 15 min, 30 min and 60 min respectively.
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5.5 GaAs Nanocrystals

5.5 GaAs Nanocrystals

For all syntheses, a 25 mL three-neck flask was placed in a heating mantle
and equipped with a condenser, a thermocouple and a septum. The reaction
components were kept under oil pump vacuum at 120 °C for one hour to
remove residual oxygen and water before they were set under nitrogen and
the reaction was started.

GaAs NC Synthesis In a standard GaAs NC synthesis, 0.13 mmol GaCl,
(22 mg) and 0.14 mmol Mg;As, (31 mg) were mixed with 1 g TOPO as
stabilizing agent and 10 mLL ODE as solvent. The reaction mixture was set
under nitrogen, heated to 315 °C and 0.4 mmol of n-butyllithium (0.25 mL
of a solution of 1.6 M n-butyllithium in n-hexane) diluted in 4 mL. ODE
were added dropwise to the reaction mixture with a syringe pump at a rate
of 10 mL/h. The solution rapidly turned greyish during addition of the n-
butyllithium. Within 30 minutes the color changed to brownish red. Upon
further progression of the reaction, the solution got turbid and turned dark
brown. After 90 minutes, the mixture was cooled to 280 °C and kept at this
temperature for an additional hour. Subsequently, it was cooled to 100 °C
and 10 mL of toluene were added before the crude product was centrifuged
at 4500 rpm for 10 minutes to obtain a clear deep brownish supernatant
which was separated from the sediment. The NCs were precipitated from
the supernatant by adding 10 mL of acetone or methanol and redispersed in
toluene.

This procedure was performed three to five times. The precipitation of the
NCs and all characterization steps were performed under air.

The reaction conditions for synthesizing InP, InAs and GaP can
be found in Chemistry of Materials, 2013, 25, 1377-1383.118],
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5.6 Methods and Equipment

Transmission Electron Microscopy (TEM)

TEM imaging was conducted with a JEOL JEM 2200FS (UHR) with CESCOR
and CETCOR corrector at an acceleration voltage of 200 kV, a Philips CM
300 UT at an acceleration voltage of 200 kV or a JEOL JEM 1011 microscope
at 100 kV equipped with a CCD camera.

Energy dispersive X-ray spectroscopy (EDS) was performed using either
a Si(Li) JEOL JED-2300 energy dispersive X-ray detector installed on the
JEOL JEM 2200FS or an EDAX DX-4 system installed at the Philips CM
300 UT.

Scanning Electron Microscopy (SEM)

SEM images were obtained on a LEO1550 scanning electron microscope with
a spatial resolution of ~1 nm or a FEI Quanta 3D FEG.

Powder X-ray Diffraction (XRD)

Powder XRDs were recorded with a Philipps X’Pert-diffractometer with
BRAGG-Brentano-geometry on applying copper-Karadiation. Samples of NC
solutions were dropped onto a single crystal Si support plate and the solvent
was evaporated before the measurement was started.

Attenuated Total Reflectance Fourier Transformation
Infrared Spectroscopy (ATR-FTIR)

IR spectra were recorded with a Bruker Equinox 55 spectrometer by applying
ATR-FTIR technique. The dried NC sample was placed on the crystal of

the ATR unit and the spectra were recorded in the range of 600-4000 cm™! -

Thermogravimetric Analysis (TGA)

TGA was carried out using a Netzsch TG 209 C in the temperature range
of 25-550 °C, typically with a heating rate of 20 °C/min under nitrogen
atmosphere. Subsequently, samples were heated from 550-900 °C under oxy-
gen/nitrogen atmosphere, typically at a rate of 20 °C/min.
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5.6 Methods and Equipment

X-ray Photoelectron Spectroscopy (XPS)

XPS was performed at the Optics Beamline SurlCat at BESSY II in Berlin,
Germany. Synchrotron radiation of 1254 eV and a Scienta SES100 electron
energy analyzer were used to acquire photoemission spectra. CulnSe, sam-
ples were dropped from ETT stabilized solution onto highly ordered pyrolytic
graphite (HOPG) for the measurement.

Small Angle X-Ray Scattering (SAXS)

SAXS experiments were performed at a rotating anode device consisting of
a rotating copper (Cu) anode (Seifert, Ahrensburg), crossed Goebel mirrors,
and an image plate detector (Fuji) at a sample-detector distance of 1.0 m.
The revealed scattering patterns were radially integrated, transformed into
SAXS curves and analyzed with the software Scatter??. Scatter is an ap-
plication for analyzing SAXS and Small Angle Neutron Scattering (SANS)
curves and patterns of nano- and mesoscopically structured materials.

Characterization of Electrical Transport and Conductivity
Measurements

Electrical measurements were performed on a 4200-SCS semiconductor char-
acterization system from Keithley Instruments inside the VFTTP4 probesta-
tion by Lake Shore Cryotronics.
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5.7 Chemicals - Safety and Waste Disposal

Substance[123:124]

Acetone

7Z-1-Amino-9-
octadecene

Chloroform

Copper(I) acetate

Copper(I) chloride

Dichloromethane

1-Ethyl-5-

thiotetrazole

Gallium(III) bromide

Gallium(III) chloride
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GHS icon

&
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XX
®
H®

H/P Statement

H225-H319-H336;
P210-P261-P305+
P351+P338

H314-H400; P273-
P280-P305+351+338-
P310

H351-H302-H373-
H315; P302+352-P314

H315-H319-H335;
P261-P305+351+338

H302-H400-H410
P273

H351; P281-308+
313

H315-H319-H335
P261-P305+351+338

H314; P280-P305+
P351+P338-P310

H314; P280-P305-+
P351-+P338-P310

Disposal

(1)



5.7 Chemicals - Safety and Waste Disposal

Substance[123:124]

Gallium(IIT) fluoride

Gallium(ITI) iodide

n-Heptane

n-Hexane

Indium(III) acetate

Indium(III) acetylace-
tonate

Indium(III) bromide

:
w0

& 6 & 66 468

(@)
)
=

&

&6 ©®

H/P Statement

H302+-H3124-H332;
P280

H314-H317-H361;
P280-P305+3514-338-
P310

H225-H304-H315-
H336-H410; P210-
P273-P301+P310-
P331-P302+P352-
P403+P235

H225-H361{-H304-
H373-H315-H336-

H411; P210-P240-
P273-P301+P310-
P331-P302+P352-
P403+P235

H315-H319-H335;
P261-P305+351+
P338

H302+-H3124+-H332-
H315-H319-H335;
P261-P280-P305+
P3514-338

H315-H319-H335;
P261-
P305+P351+P338

Disposal

(3)
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5 Experimental

Substance[123:124]

Indium(III) chloride

Indium(I1T) fluoride

Indium(III) iodide

GHS icon

&
@

&b

Magnesium Arsenide " :

Mg;As,

Methanol

1-Methyl-5-
thiotetrazole

Octadecylamine

1-Octadecene

2-Propanol

130
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H/P Statement

H302-H314; P280-
P305+351+4-338-P310

H315-H319-H335;
P261-
P305+P351+P338

H317-H361; P281

H301+H331-H410;
P261-P273-P304+
P340-P309+P310

H225-H331-H311-
H301-H370; P210-
P233-P280-P302+352-
P309+310

H315-H319-H335
P261-P305+351+338

H315-H319-H335;
P261-P305+351+
P338

H304; P3014310-P331;
EUHO066

H225-H319-H336;
P210-P233-
P305+3514-338

Disposal

(3)



5.7 Chemicals - Safety and Waste Disposal

Substance [123124] GHS icon H/P Statement Disposal

Selenourea H301-H331-H373- (1)

SeC(NH,), H410; P261-P273-
P301+4-310-P311-P501

&
Selenium ‘ H310-H331-H373 (3)

H413; P261-P301+

P310-P311
Bis(trimethylsilyl)- " ‘g H226-H331-H311- (4)
selenide (TMS),Se H301; P261-P280-
P301+310

RN
Tetrachloroethylene ‘ H351-H411; P273-P281 (2)

Tetrahydrofuran ‘g : H225-H319-H335- (1)
H351; P210-P233-

P243-P305+351+

P338
Toluene g C 11225-H304-H315- (1)
‘ H336-H361d-H373;
X P210-P261-P281-
P3014-310-P331
E
Triethyloxonium- H314; P280-P305+ (5)
tetrafluoroborate P351+338-P310
(Et;OBf,)
EE
Trioctylphosphine H314; P280-P305+ (1)

P351+338-P310
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5 Experimental

Substance [123124] GHS icon H/P Statement Disposal
Trioctylphosphine ox- H315-H318; P280- (1)
ide P305+P351+4-P338

Disposal Key

(1) dissolve and dispose of in canister for non-halogenated organic solvents
(blue)

(2) dissolve and dispose of in canister for halogenated organic solvents (red)

(3) dissolve carefully in diluted hydrochloric acid and dispose of in canister
for inorganic acids

(4) abreaction in 2-propanol followed by complete abreaction in ethanol,
then dispose of in canister for non-halogenated solvents (blue)

(5) abreaction in 2-propanol followed by complete abreaction in ethanol,
then dispose of in canister for halogenated organic solvents (red)
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6 GHS List

Table 6.2: All H, EUH, and P Statements.

Identifier Statement

H200 Unstable explosives.

H201 Explosive; mass explosion hazard.

H202 Explosive, severe projection hazard.

H203 Explosive; fire, blast or projection hazard.

H204 Fire or projection hazard.

H205 May mass explode in fire.

H220 Extremely flammable gas.

H221 Flammable gas.

H222 Extremely flammable aerosol.

H223 Flammable aerosol.

H224 Extremely flammable liquid and vapour.

H225 Highly flammable liquid and vapour.

H226 Flammable liquid and vapour.

H228 Flammable solid.

H240 Heating may cause an explosion.

H241 Heating may cause a fire or explosion.

H242 Heating may cause a fire.

H250 Catches fire spontaneously if exposed to air.

H251 Self-heating: may catch fire.

H252 Self-heating in large quantities; may catch fire.

H260 In contact with water releases flammable gases which may
ignite spontaneously.

H261 In contact with water releases flammable gases.

continues on next page



6 GHS List

Identifier Statement

H270 May cause or intensify fire; oxidiser.

H271 May cause fire or explosion; strong oxidiser.

H272 May intensify fire; oxidiser.

H280 Contains gas under pressure; may explode if heated.

H281 Contains refrigerated gas; may cause cryogenic burns or in-
jury.

H290 May be corrosive to metals.

H300 Fatal if swallowed.

H301 Toxic if swallowed.

H302 Harmful if swallowed.

H304 May be fatal if swallowed and enters airways.

H310 Fatal in contact with skin.

H311 Toxic in contact with skin.

H312 Harmful in contact with skin.

H314 Causes severe skin burns and eye damage.

H315 Causes skin irritation.

H317 May cause an allergic skin reaction.

H318 Causes serious eye damage.

H319 Causes serious eye irritation.

H330 Fatal if inhaled.

H331 Toxic if inhaled.

H332 Harmful if inhaled.

H334 May cause allergy or asthma symptoms orbreathing difficul-
ties if inhaled.

H335 May cause respiratory irritation.

H336 May cause drowsiness or dizziness.

H340 May cause genetic defects. <state route of exposure if it is
conclusively proven that no other routes of exposure cause the
hazard>

H341 Suspected of causing genetic defects. <state route of exposure

if it is conclusively proven that no other routes of exposure
cause the hazard>
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Identifier

Statement

H350

H351

H360

H361

H362
H370

H371

H372

H373

H400
H410
H411
H412
H413
H350i
H360F

May cause cancer. <state route of exposure if it is conclusively
proven that no other routes of exposure cause the hazard>

Suspected of causing cancer. <state route of exposure if it is
conclusively proven that no other routes of exposure cause the
hazard>

May damage fertility or the unborn child. <state specific effect
if known> <state route of exposure if it is conclusively proven
that no other routes of exposure cause the hazard>
Suspected of damaging fertility or the unborn child. <state
specific effect if known> <state route of exposure if it is con-
clusively proven that no other routes of exposure cause the
hazard>

May cause harm to breast-fed children.

Causes damage to organs <or state all organs affected, if
known>. <state route of exposure if it is conclusively proven
that no other routes of exposure cause the hazard>

May cause damage to organs <or state all organs affected, if
known>. <state route of exposure if it is conclusively proven
that no other routes of exposure cause the hazard>

Causes damage to organs <or state all organs affected, if
known> through prolonged or repeated exposure. <state
route of exposure if it is conclusively proven that mo other
routes of exposure cause the hazard>

May cause damage to organs <or state all organs affected, if
known>through prolonged or repeated exposure. <state route
of exposure if it 1s conclusively proven that no other routes of
exposure cause the hazard>

Very toxic to aquatic life.

Very toxic to aquatic life with long lasting effects.
Toxic to aquatic life with long lasting effects.
Harmful to aquatic life with long lasting effects.

May cause long lasting harmful effects to aquatic life.
May cause cancer by inhalation.

May damage fertility.

continues on next page

135



6 GHS List

Identifier Statement

H360D May damage the unborn child.

H361f Suspected of damaging fertility.

H361d Suspected of damaging the unborn child.

H360FD May damage fertility. May damage the unborn child.

H361fd Suspected of damaging fertility. Suspected of damaging the
unborn child.

H360Fd May damage fertility. Suspected of damaging the unborn
child.

H360Df May damage the unborn child. Suspected of damaging fertil-
ity.

EUHO001 Explosive when dry.

EUHO006 Explosive with or without contact with air.

EUHO014 Reacts violently with water.

EUHO018 In use may form flammable/explosive vapour-air mixture.

EUHO019 May form explosive peroxides.

EUHO044 Risk of explosion if heated under confinement.

EUHO029 Contact with water liberates toxic gas.

EUHO031 Contact with acids liberates toxic gas.

EUHO032 Contact with acids liberates very toxic gas.

EUHO066 Repeated exposure may cause skin dryness or cracking.

EUHO070 Toxic by eye contact.

EUHO71 Corrosive to the respiratory tract.

EUHO059 Hazardous to the ozone layer.

EUH201 Contains lead. Should not be used on surfaces liable to be
chewed or sucked by children.

EUH201A Warning! contains lead.

EUH202 Cyanoacrylate. Danger. Bonds skin and eyes in seconds.
Keep out of the reach of children.

EUH203 Contains chromium (VI). May produce an allergic reaction.

EUH204 Contains isocyanates. May produce an allergic reaction.

EUH205 Contains epoxy constituents. May produce an allergic reac-

tion.
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Identifier

Statement

EUH206

EUH207

EUH208

EUH209
EUH209A
EUH210
EUH401

P101

P102
P103
P201
P202

P210

P211
P220
P221
P222
P223

P230
P231
P232
P233
P234
P235

Warning! Do not use together with other products. May
release dangerous gases (chlorine).

Warning! Contains cadmium. Dangerous fumes are formed
during use. See information supplied by the manufacturer.
Comply with the safety instructions.

Contains <name of sensitising substance>. May produce an
allergic reaction.

Can become highly flammable in use.
Can become flammable in use.
Safety data sheet available on request.

To avoid risks to human health and the environment, comply
with the instructions for use.

If medical advice is needed, have product container or label
at hand.

Keep out of reach of children.
Read label before use.
Obtain special instructions before use.

Do not handle until all safety precautions have been read and
understood.

Keep away from heat/sparks/open flames/hot surfaces. — No
smoking.

Do not spray on an open flame or other ignition source.
Keep/Store away from clothing/. .. /combustible materials.
Take any precaution to avoid mixing with combustibles ...
Do not allow contact with air.

Keep away from any possible contact with water, because of
violent reaction and possible flash fire.

Keep wetted with ...

Handle under inert gas.
Protect from moisture.

Keep container tightly closed.
Keep only in original container.
Keep cool.

continues on next page
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6 GHS List

Identifier Statement

P240 Ground/bond container and receiving equipment.

P241 Use explosion-proof electrical/ventilating/lighting/. .. equip-
ment.

P242 Use only non-sparking tools.

P243 Take precautionary measures against static discharge.

pP244 Keep reduction valves free from grease and oil.

P250 Do not subject to grinding/shock/. .. /friction.

P251 Pressurized container: Do not pierce or burn, even after use.

P260 Do not breathe dust/fume/gas/mist/vapours/spray.

P261 Avoid breathing dust/fume/gas/mist/vapours/spray.

P262 Do not get in eyes, on skin, or on clothing.

P263 Avoid contact during pregnancy/while nursing.

P264 Wash ... thoroughly after handling.

P270 Do not eat, drink or smoke when using this product.

P271 Use only outdoors or in a well-ventilated area.

P272 Contaminated work clothing should not be allowed out of the
workplace.

P273 Avoid release to the environment.

P280 Wear protective gloves/protective clothing/eye protection/
face protection.

P281 Use personal protective equipment as required.

P282 Wear cold insulating gloves/face shield/eye protection.

P283 Wear fire/flame resistant/retardant clothing.

P284 Wear respiratory protection.

P285 In case of inadequate ventilation wear respiratory protection.

P231 + P232 Handle under inert gas. Protect from moisture.

P235 + P410 Keep cool. Protect from sunlight.

P301 IF SWALLOWED:

P302 IF ON SKIN:

P303 [F ON SKIN (or hair):

P304 IF INHALED:

P305 IF IN EYES:
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Identifier

Statement

P306
P307
P308
P309
P310
P311
P312

P313
P314
P315
P320
P321
P322
P330
P331
P332
P333
P334
P335
P336

P337
P338

P340

P341

P342
P350
P351

IF ON CLOTHING:

IF exposed:

IF exposed or concerned:

IF exposed or if you feel unwell:

Immediately call a POISON CENTER or doctor/physician.
Call a POISON CENTER or doctor/physician.

Call a POISON CENTER or doctor/physician if you feel un-
well.

Get medical advice/attention.

Get medical advice/attention if you feel unwell.
Get immediate medical advice/attention.
Specific treatment is urgent (see ... on this label).
Specific treatment (see ... on this label).
Specific measures (see ... on this label).

Rinse mouth.

Do NOT induce vomitting.

If skin irritation occurs:

If skin irritation or rash occurs:

Immerse in cool water/wrap in wet bandages.
Brush off loose particles from skin.

Thaw frosted parts with lukewarm water. Do not rub affected
area.

If eye irritation persists:

Remove contact lenses, if present and easy to do. Continue
rinsing.

Remove victim to fresh air and keep at rest in a position
comfortable for breathing.

If breathing is difficult, remove victim to fresh air and keep at
rest in a position comfortable for breathing.

If experiencing respiratory symptoms:
Gently wash with plenty of soap and water.
Rinse cautiously with water for several minutes.

continues on next page
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Identifier Statement

P352 Wash with plenty of soap and water.

P353 Rinse skin with water/shower.

P360 Rinse immediately contaminated clothing and skin with
plenty of water before removing clothes.

P361 Remove/Take off immediately all contaminated clothing.

P362 Take off contaminated clothing and wash before reuse.

P363 Wash contaminated clothing before reuse.

P370 In case of fire:

P371 In case of major fire and large quantities:

P372 Explosion risk in case of fire.

P373 DO NOT fight fire when fire reaches explosives.

P374 Fight fire with normal precautions from a reasonable distance.

P375 Fight fire remotely due to the risk of explosion.

P376 Stop leak if safe to do so.

P377 Leaking gas fire: Do not extinguish, unless leak can be stopped
safely.

P378 Use ... for extinction.

P380 Evacuate area.

P381 Eliminate all ignition sources if safe to do so.

P390 Absorb spillage to prevent material damage.

P391 Collect spillage.

P301 + P310 I[F SWALLOWED: Immediately call a POISON CENTER or
doctor/physician.

P301 + P312 I[F SWALLOWED: Call a POISON CENTER or doctor/

P301 + P330 + P331
P302 + P334
P302 + P350
P302 + P352
P303 4 P361 + P353

physician if you feel unwell.

IF SWALLOWED: rinse mouth. Do NOT induce vomitting.
[F ON SKIN: Immerse in cool water/wrap in wet bandages.
IF ON SKIN: Gently wash with plenty of soap and water.
IF ON SKIN: Wash with plenty of soap and water.

IF ON SKIN (or hair): Remove/Take off immediately all con-
taminated clothing. Rinse skin with water/shower.
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Identifier

Statement

P304 + P340

P304 + P341

P305 4+ P351 + P338

P306 + P360

P307 + P311
P308 4 P313
P309 + P311

P332 + P313
P333 4 P313
P335 + P334

P337 + P313
P342 + P311

P370 + P376
P370 + P378
P370 + P380

P370 + P380 4 P375

P371 4+ P380 + P375

P401
P402
P403
p404
P405

IF INHALED: Remove victim to fresh air and keep at rest in
a position comfortable for breathing.

IF INHALED: If breathing is difficult, remove victim to fresh
air and keep at rest in a position comfortable for breathing.

IF IN EYES: Rinse cautiously with water for several minutes.
Remove contact lenses, if present and easy to do. Continue
rinsing.

I[F ON CLOTHING: Rinse immediately contaminated cloth-
ing and skin with plenty of water before removing clothes.
IF exposed: Call a POISON CENTER or doctor/physician.
IF exposed or concerned: Get medical advice/attention.

IF exposed or if you feel unwell: Call a POISON CENTER or
doctor/physician.

If skin irritation occurs: Get medical advice/attention.
If skin irritation or rash occurs: Get medical advice/attention.

Brush off loose particles from skin. Immerse in cool water/
wrap in wet bandages.

If eye irritation persists: Get medical advice/attention.

If experiencing respiratory symptoms: Call a POISON CEN-
TER or doctor/physician.

In case of fire: Stop leak if safe to do so.
In case of fire: Use ... for extinction.
In case of fire: Evacuate area.

In case of fire: Evacuate area. Fight fire remotely due to the
risk of explosion.

In case of major fire and large quantities: Evacuate area.
Fight fire remotely due to the risk of explosion.

Store . ..

Store in a dry place.

Store in a well-ventilated place.
Store in a closed container.
Store locked up.

continues on next page
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Identifier Statement

P406 Store in corrosive resistant/. .. container with a resistant inner
liner.

P407 Maintain air gap between stacks/pallets.

P410 Protect from sunlight.

P411 Store at temperatures not exceeding /.

P412 Store at temperatures not exceeding 50 /122 .

P413 Store bulk masses greater than / at temperatures not exceed-
ing /.

P420 Store away from other materials.

P422 Store contents under ...

P402 + P404 Store in a dry place. Store in a closed container.

P403 + P233 Store in a well-ventilated place. Keep container tightly closed.

P403 + P235 Store in a well-ventilated place. Keep cool.

P410 4+ P403 Protect from sunlight. Store in a well-ventilated place.

P410 + P412 Protect from sunlight. Do not expose to temperatures exceed-
ing 50 /122.

P411 + P235 Store at temperatures not exceeding /. Keep cool.

P501 Dispose of contents/container to ...
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GHS-Pictograms

GHS01 GHS02
GHS03 GHS04
GHS05 GHS06

SO O©

GHSO07 : GHS08
GHS09 |

Table 6.1: GHS-Pictograms: GHSO1-explosive, GHS02-flammable, GHSO03-
oxidizing, GHS04-compressed gas, GHS05-corrosive, GHS06-toxic,
GHSO7-irritant, GHSO08-health hazard, GHS09-environmentally
damaging.
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Acronyms

CIS
CIGS
ETT
FWHM
HOPG

MTT
NC
OLA
ODE
ODA
QD
SAED

SANS
SAXS
SEM
STEM
TEM
THF
TOP
TOPO
XPS

XRD

CulnSe,

Culn;.Gay,Se,y
1-Ethyl-5-thiotetarzole

Full width at half maximum
Highly Ordered Pyrolytic
Graphite
1-Methyl-5-thiotetrazole
Nanocrystal
Oleylamine
1-Octadecene
Octadeylamine
Qunatum Dot
Selected  Area
Diffraction
Small Angle Neutron Scat-
tering

Small Angle X-ray Scatter-

Electron

ing

Scanning Electron
Microscopy

Scanning Transmission

Electron Microscopy
Transmission Electron
Microscopy
Tetrahydrofuran
n-Trioctylphosphine
Tri-n-octylphosphine oxide
X-ray Photoelectron
Spectroscopy
(Powder-)X-ray diffraction
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