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Abstract

The synthesis of germanium nanomaterials with well-defined surface chemistry is of
considerable interest, not only because of general scientific curiosity but also because
of their vast potential applications in optoelectronics, energy storage, and the
semiconductor industry. Covalently bonded organic monolayers(MLs) play important
roles in defining the solution processability, ambient stability, and electronic
properties of two-dimensional (2D) materials, such as germanium nanosheets
(GeNSs).

In Chapter 2, we report a straightforward preparative route that yields
hydride-terminated germanium nanosheet (H-GeNS) monolayers via sonochemical
exfoliation of hydride-terminated germanane flakes (HGe-flakes) derived from
crystalline CaGe>. We subsequently show in Chapter 3 that these freestanding
H-GeNSs are functionalized readily by a radical-initiated and thermal-induced
hydrogermylation reaction. Furthermore, we demonstrate that, upon functionalization,
the crystal structure of the GeNSs remains intact, and the introduction of organic
moieties to the GeNS surfaces imparts improved thermal stability and solvent
compatibility.

In Chapter 4, we extend the scope of surface linkages to Si—Ge bonding and
present the first demonstration of heteronuclear dehydrocoupling of organosilanes to
hydride-terminated GeNSs by deintercalation and exfoliation of CaGe,. We further
exploit this new surface reactivity and demonstrate the preparation of directly bonded
silicon quantum dot-Ge nanosheet hybrids.

Polygermanes, which contain Ge—Ge backbones are soluble semiconductors
with applications in different fields. In Chapter 5, we prepare a stable form of

polydihydrogermane with —(GeH:)— repeating units, rigorously characterize its
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structure, chemical environment, absorption features, and thermal stability, and
compare it with unstable polydihydrogermane prepared by a traditional method. We
also show that these materials can be applied as a template for ligand substitution via a
hydrogermylation reaction (e.g. using 1-dodecene). This facile one-step reaction using
Ge—H as the synthetic handle can be utilized to synthesize a variety of functional

polygermanes.
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Preface

Chapter 1 provides a brief introduction to the basic principles of silicon- and
germanium-based nanostructures and polymers syntheses and pathways of surface
group functionalization or ligand substitution. The concept of Zintl phase and the
exfoliation of layered materials also is covered briefly. Chapter 2 introduces a
convenient method to prepare a layered CaGe, precursor and a subsequent topotactic
transformation into germanane flakes. Chapter 3 describes the formation of Ge—C
bonds on the Ge nanosheets surface via a thermally-induced and radically-initiated
hydrogermylation reaction. Chapter 4 studies the dehydrogenative coupling reaction
between Ge—H and Si—H bonds donated from Ge nanosheets and organosilanes or
silicon quantum dots. Chapter 5 introduces the preparation of polygermanes via
deintercalation of Zintl phase CaGe using water and HCI1 and evaluated their thermal
stability and ligand substitution via a hydrogermylation reaction. Chapter 6
summarizes the thesis and proposes several directions for future research.

A portion of Chapter 2 is based on the publication “Yu, H.; Helbich, T.; Scherf,
L. M.; Chen, J.; Cui, K.; Féssler, T. F.; Rieger, B.; Veinot, J. G. C. Radical-Initiated
and Thermally Induced Hydrogermylation of Alkenes on the Surfaces of Germanium
Nanosheets. Chemistry of Materials. 2018, 30 (7), 2274-2280.” This is an
Alberta/Technical University of Munich International Graduate School for Hybrid
Functional Materials (ATUMS) project between the Technical University of Munich
(TUM) and the University of Alberta (UofA). Dr. Lavinia Scherf (TUM) synthesized
the precursor CaGe; in the Fiassler lab. Dr. Tobias Helbich (TUM) and I explored the
deintercalation reaction of CaGe», exfoliation, and purification process. Prof. Thomas
Fassler (TUM), Prof. Bernhard Rieger (TUM), and Prof. Jonathan Veinot were the
supervisory authors and were involved with the concept formation and manuscript
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composition.

A portion of Chapter 3 is based on the publication “Yu, H.; Helbich, T.; Scherf,
L. M.; Chen, J.; Cui, K.; Féssler, T. F.; Rieger, B.; Veinot, J. G. C. Radical-Initiated
and Thermally Induced Hydrogermylation of Alkenes on the Surfaces of Germanium
Nanosheets. Chemistry of Materials. 2018, 30 (7), 2274-2280.” This is an ATUMS
project between TUM and UofA. 1 was responsible for the data acquisition and
analysis as well as the manuscript composition. Initial reaction conditions were
explored with Dr. Tobias Helbich. The simulation of Ge nanosheets
stacking-dependent electron diffraction was assisted by Dr. Jian Chen from the
National Research Council of Canada (NRC Canada). Dr. Kai Cui, from NRC Canada,
assisted in obtaining transmission electron microscopy images and electron energy
loss spectroscopy line scans. Prof. Thomas Féssler, Prof. Bernhard Rieger, and Prof.
Jonathan Veinot were the supervisory authors and were involved with the concept
formation and manuscript composition.

Chapter 4 is based on the publication “Yu, H.; Thiessen A. N.; Hossain, M. A.;
Kloberg, J. M; Rieger, B.; Veinot, G. C. J. Thermally-Induced Dehydrogenative
Coupling of Organosilanes and H-terminated Silicon Quantum Dots onto Germanane
Surfaces. Chemistry of Materials. 2020. 32 (11), 4536—4543” This is an ATUMS
project between TUM and UofA. I was responsible for the concept formation,
precursor synthesis, data acquisition and analysis, as well as the manuscript
composition. Alyxandra Thiessen provided the Si quantum dots at different sizes for
hybrid synthesis. Md Asjad Hossain and Marc Julian Kloberg (TUM) were involved
with the concept formation of the project as well as the optimization of the reaction
conditions. Prof. Bernhard Rieger and Prof. Jonathan Veinot were the supervisory
authors and were involved with the concept formation and manuscript composition.

Chapter 5 also is written as an article. I was responsible for the concept



formation, precursor synthesis, data acquisition and analysis, figure preparation, as
well as the manuscript composition. Chuyi Ni, in his first-year graduate research,
assisted in the precursor synthesis, data acquisition, and building of crystal structure
models under my supervision. Alyxandra Thiessen carried out powered X-ray
diffraction measurements of the samples at the Canadian Light Source. Prof. Jonathan
Veinot was the supervisory author and were involved with the concept formation and
manuscript composition.

All the Zintl precursors, except the first batch of CaGe», were synthesized in
the Mar Lab, Department of Chemistry, UofA. All Raman spectroscopy was carried

out in the McDermott lab located in the Nanotechnology Research Centre, UofA.
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Chapter 1

Introduction — The Nano World is “Big”

Silicon and germanium are the basic materials that have been utilized to develop
transistors, integrated circuits (IC), and charged coupled devices, which contribute to
the fundamentals of the semiconductor industry. Their importance has been
highlighted by the Nobel Prizes in Physics in 1956, 2000, and 2009. Over the past
seven decades, the size of the commercial transistor has been shrunk into the sub
-10 nm node, with each modern central processing unit (CPU) containing billions of
transistors.

One of the challenges of developing even smaller transistors is that interesting
shape and size-dependent properties, which are different from those observed for
molecular or bulk systems, became apparent.! The study of materials with nanoscopic
dimensions is growing rapidly and continues to accelerate because of a deeper
understanding and a wider range of applications. Surface plasmon resonance
observed in noble metal nanostructures has been applied for signal enhancement,’
sensors,’ and cancer treatments.* Quantum confinement of electrons in semiconductor
nanomaterials leads to an increase on band gap and results in size-dependent strong
photoluminescence (PL)/electroluminescence (EL), making quantum dots ideal for
display, sensor, and imaging applications.”® Materials with low dimensions, such as
graphene, hexagon boron nitride (h-BN), and transition metal dichalcogenides
(TMDs), are typical examples of 2-dimensional (2D) conducting, insulating, and

semiconducting materials, showing layered dependent properties.®!?



1.1 Si/Ge Nanostructures

Silicon and germanium-based nanostructures have attracted considerable attention
due to their size-tunable band gap, limited toxicity, and wide range of applications,
such as in catalysis,'> water remediation,'* photodetectors,'® field-effect transistors
(FETs),'%!7 solar cells,'®2° lithium-ion batteries,?! bio-imaging,®?? and sensing.??*

Different silicon and germanium nanostructures have been synthesized successfully; a

few examples are shown in Figure 1.1.

Figure 1.1. Transmission electron microscopy and scanning electron microscopy images of (a-d)
silicon and (e-g) germanium nanostructures, (a,e) spherical nanocrystal, (b,f) nanocubes, (c,g)
nanorods, (d,h) nanowires. (a) Reprinted with permission from ref 25. Copyright 2017 American
Chemical Society. (b) Reprinted with permission from ref 26. Copyright 2012 American Chemical
Society. (c) Reprinted with permission from ref 27. Copyright 2009 American Chemical Society. (d)
Reprinted with permission from ref 19. Copyright 2008 IOP Publishing Ltd. (e) Reprinted with
permission from ref 28. Copyright 2017 American Chemical Society. (f) Reprinted with permission
from ref 29. Copyright 2005 American Chemical Society. (g) Reprinted with permission from ref 30.
Copyright 2011 American Chemical Society. (h) Reprinted with permission from ref 31. Copyright The
Royal Society of Chemistry 2008.

To synthesize Si/Ge quantum dots (0D, QDs), four general strategies have

been predominant in the literature: mechanochemical ball milling of bulk
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crystals,®*73¢ metathesis reactions involving Zintl salts (such as NaSi,3” NaGe,®
Mg>Si*), hydride reduction of Si/Ge halides,?”38404! and thermal disproportion
reaction of Si/Ge-rich precursors.®?32842-44 In the Veinot Lab, hydrogen
silsesquioxane (HsSisO12, HSQ) was utilized as a precursor for the size and
shape-controlled synthesis of Si QDs.?> Thermal processing of polymeric HSQ at
1100 °C under a slightly reducing atmosphere (95 % N2/5% Hz) produced Si QDs
(d= 3 nm) embedded in a silica (SiO2) matrix. The Si QDs were liberated from the
Si0; matrix through HF etching (Figure 1.2) to produce spherical H-SiQDs that

displayed size-dependent photoluminescence (PL); details will be discussed in

Chapter 4.
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Figure 1.2. Solid-state synthesis of 3 nm hydride-terminated Si QDs using HSQ as a precursor. QD

size can be tuned by heating profile and etching condition.

The shape control is, in general, challenging for 0D Si/Ge QDs. Unlike the
colloidal synthesis of metal nanoparticles, where the growth rate can be tuned by
surfactants or through the dynamic etching of reactive facets during synthesis, the
Si/Ge QDs synthesis often requires high temperatures or high boiling point solvents.
When applying colloidal synthesis, Vaughn and co-workers prepared crystalline Ge
nanocubes using hexamethyldisilazane (HDMS) and tri-n-octylphosphine as
cosurfactant during Gels reduction.®® Similarly, Ge nanocubes also were synthesized

successfully using dodecylheptaglycol (C12E7) as the single surfactant in the



reduction of GeCls and PhGeCls.2° With rigorous temperature control, cubic and
ordered cuboctahedra shaped Si QDs were reported using HSQ as a precursor.?6:46
Silicon and germanium nanorods and nanowires as 1-dimensional (1D) structures are
synthesized almost exclusively through methods similar to vapour—liquid—solid (VLS)

27,30.31.45.47:48 template synthesis,***° and lithography techniques.**-!

growing,
From the work outlined herein, it is clear that the morphologies of Si/Ge
nanostructures have advanced significantly. Efficient methods for material

preparation bearing a variety of reactive surfaces will lead to a better understanding

of the fundamental properties and future applications.

1. 1. 1 Layered Si/Ge
Since the exfoliation of graphene using Scotch® tape, 2-dimensional (2D) van der
Waals (vdW) materials have attracted attention due to their unique layered dependent
mechanical, electronic, thermal, and optical properties.’>>> Silicon and germanium
are two of the few elements that have 2D structures by themselves, named silicene
and germanene, respectively. These atomically thin slightly buckled honeycomb
structure exhibit a Dirac cone in their band structures, which, similar to graphene,
predicts high carrier mobilities (Figure 1.3a).%°

High-quality silicene and germanene can be synthesized by various deposition
methods on well-organized substrates (Figure 1.3). Multiple groups studied the
formation of silicene on an Ag substrate with (110), (001), and (111) orientation and
obtained strip, ribbon, and sheet morphologies, respectively.’’ " Other substrates,
such as ZrB»,%! ZrC,%> Mo0S, % and Ir (111)%, also were reported with successful
synthesis. Similarly, germanene sheets can grow epitaxially on Ag (111),% Au (111),%
or Pt (111)%7 and have a morphology characterized by scanning tunneling microscopy
(STM). Unfortunately, these sheets are sensitive under ambient conditions using these

methods. Only Tao and co-workers have fabricated monolayer silicene-based FETs
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with a protecting layer. The carrier mobility of their FET was reported as ~100

cm?/V's when operating at room temperature.®
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Figure 1.3. (a) Band structure of silicene and germanene, (b) scanning tunneling microscopy (STM)
scan of silicene on Ag (111) substrate, and (c) structure model. (d) Scanning tunneling microscopy scan
of germanene on Au (111) substrate and (e) structure model. (a) Reprinted with permission from ref 56.
Copyright 2013 IOP Publishing Ltd. (b, ¢) Reprinted with permission from ref 59. Copyright 2012 IOP
Publishing Ltd. (d, e) Reprinted with permission from ref 66. Copyright 2014 IOP Publishing Ltd.

Fully hydrogenated silicene and germanene are Si and Ge analogues of
graphane. They are named silicane and germanane and have a general formula of
(SisHs) and (GegHs), respectively. These structures can be synthesized by
hydrogenation of silicene or germanene at an elevated temperature in a hydrogen
atmosphere,® but it is more convenient to prepare them via topotactic deintercalation
from layered precursors, such as CaSi, and CaGe»; details will be discussed in
Chapter 2. Gram-scale synthesis of silicane/germanane has been achieved by the

solid-state synthesis of CaSi»/CaGe, granules’®"3, and wafer-size silicane/germanane
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has been reported by epitaxial growth on Si/Ge substrates.”*’® With the benefit of
scalable production, these materials have been applied to FET,””~7° photodetectors,”’

and lithium-ion battery (LIB) anode material (Figure 1.4).%8°
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Figure 1.4. (a) TEM image and electron diffraction of germanane, (b) atomic force microscopy scan of
germanane, (c) exfoliated germanane as an anode material in LIB, (d) germanane-based photodetector.
(a) Reprinted with permission from ref 81. Copyright The Royal Society of Chemistry 2019. (b)
Reprinted with permission from ref 70. Copyright 2013 American Chemical Society. (c¢) Reprinted
with permission from ref 80. Copyright 2017 American Chemical Society. (d) Reprinted with
permission from ref 77. Copyright 2017 IOP Publishing Ltd.

By simply changing the composition of the precursor to CaSi»Ges-2r, nanosheets
(NSs) with a different Si:Ge ratio can be prepared and exhibit tunable bandgaps.
Similarly, introducing dopants such as As, Ga, and Al during synthesis leads to doped
germanane, with an increase in conductivity of at least three orders of magnitude
without disturbing the layered structure.®? Despite the available applications of
germanane and silicane sheets, their structures are identical to hydride-terminated

Si/Ge (111) surfaces and are prone to oxidation after long term exposure at ambient
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conditions.

In 2013, Bianco and co-workers performed a systematic study on the thermal
stability of germanane (Figure 1.5).7° In general, the Ge-Ge framework is disturbed
when the annealing temperature rises above 100 °C, indicated by the diminishing

Ge—Ge vibration and the reduced optical band gap from 1.59 eV to 1.1 eV. After

annealing at 150 °C, the interlayer distance was

value in XRD. At higher temperatures, the layered morphology completely vanished,

and the dehydrogenative reaction was observed in the thermogravimetric analysis

(TGA). These materials need to be stabilized

which will be discussed in Section 1. 2. 2.
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Figure 1.5. (a) TGA analysis of germanane. (b) DRA spectra, (c) XRD patterns, and (d) Raman spectra
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Reprinted with permission from ref 70. Copyright 2013 American Chemical Society.

1. 1. 2 Polysilanes and Polygermanes

Catenated polysilanes and polygermanes, which contain single element—element




bonds, can be considered as 1D nanostructures. Although structurally identical to
alkanes, they exhibit delocalized electrons across the entire backbone; this is known
as o-delocalization.?3® This c-delocalization makes them semiconducting in cases
where their HOMO-LUMO gaps are dominated mainly by the element—element
backbone, leading to interesting optical properties. This is due to three primary orbital
interactions, geminal (Bgem), primary (Bprim), or vicinal (Bvin), along the polymer
backbone (Figure 1.6).8¢ This leads to a tunable bandgap by tailoring their bond
lengths and angles through side-group substitution or by introducing tensile
strains.®>%78% In fact, it has been proposed that in longer chains, the existence of a
gauche or gauche-like conformation will decouple the interaction between segments

partially and result in different optical HOMO-LUMO gaps.”

Bvic M = Si, Ge

\’ \’

QL) Q@qup

‘ ‘ Bprlm ‘ ‘ Bgem ‘ ‘

Figure 1.6. Orbital interactions along a polygermane/polysilane backbone.

Since the first synthesis of poly(diphenylsilane) in the 1920s by Kipping and
Sands using a Wurtz-type coupling reaction,’' a wide variety of simple and functional
polysilanes have been prepared and reviewed.”>®® The most commonly applied
methods are (a) sodium-mediated Wurtz-type coupling, (b) homogenous
dehydrocoupling reaction using a transition metal (i.e., Cp2ZrCly/2 n-Buli,
Wilkinson’s catalyst), (c) ring-opening polymerization, and (d) electrochemical

reduction (conditions summarized in Table 1.1) Other approaches, such as anionic
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polymerization of masked disilanes (prepared by reacting dichlorosilanes with a

diphenyl anion radical), and post-functionalization on -H, -Cl or -OEt substituted

polysilanes also have been developed.

Table 1.1. Experimental Approaches to Polysilane Synthesis

Other
Technique Variations Monomer Polymer Substituents Reagents Solvent  T/°C
Wurtz Na-based R2SiClz (R2Si)»  alkyl, aryl Na Toluene, 110
reduction THF
KCs-based R2SiCl (R2Si)»  ether KCs THF 60
reduction functions
Dehydro- Early TM-cat®  ArSiH3 (ArSiH)  Phenyl or Group 4 None RT
coupling other aryl metallocene
and 3H catalyst
Late TM-cat” RSiH3, (RSiH),  Arylor Rh, Ni, Pd, Toluene Heat
RSiH2 (R2Si),  alkyl Pt catalyst  or neat
Ring-opening  Anionic or (SiR2)4 (RaSi)n Smaller is RCuLiX THF -78
cationic better
Photochemical ~ SisCls (CSi), Cl None None RT
Electro- Divided or R2SiClz (R2Si)»  Aryl, alkyl, Mg THF or RT
chemical undivided cell vinyl electrodes, DME
electrolyte,
complexing
agent

“TM-cat: transition metal catalyst.

Compared to polysilanes synthesis, the diversity of prepared polygermanes is

relatively limited due to the availability of the dichlorogermanes and cyclogermanes

starting materials required for a Wurtz-type or electrochemical reaction and

ring-opening polymerization, respectively. Wurtz-type polymerization often has been

performed in toluene under reflux with molten sodium as the reducing agent

(mechanism shown in Figure 1.7). The organic side chains that can withstand these

very harsh conditions are usually the alkyl and aryl groups.
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Figure 1.7. Proposed mechanism for linear polygermane formation by a Wurtz-type reduction. Ge is
labeled red to guide the eye.

Polygermanes prepared via an electrochemical reduction method are usually
similar to those synthesized by a Wurtz-type reduction. The polygermanes that were

recovered achieved modest molecular weights, but this method is not as efficient as in

polysilane synthesis.®®®” The plausible mechanism proposed by Okano et al. is

summarized in Figure 1.8.%%
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Figure 1.8. Proposed mechanism for linear polygermane formation by electrochemical reduction. Ge

is labeled red to guide the eye.

It is reported that the versatile dehydrocoupling reaction in polysilane
preparation cannot be applied to the synthesis of high molecular weight
polygermanes,”-'% which further eliminates the selections of digermane monomers.
Harrod and co-workers reported the dehydrocoupling of PhoGeH: in the presence of
Cp2TiCly catalyst, and only the H-[Ph,Ge]s-H oligomer was formed.'”” When
dehydrocoupling primary PhGeHs using Cp2ZrCly/2 n-Buli catalyst, Choi and
Tanaka prepared modest molecular weight polymers (<1000 Da) with a partial
network structure.'”! Instead, demethanative coupling of dimethyl- or trimethyl-
containing germanes using Ru(PMes)sMe> catalyst was quite effective (as low as 0.01
mol%).83:192193 The proposed mechanism (Figure 1.9) involves Ge—C bond cleavage,

Ge—Ge bond formation, and the elimination of CHa.
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Figure 1.9. Proposed mechanism for linear polygermane formation by demethanative coupling. Ge is

labeled red to guide the eye.

While the direct syntheses of polysilanes and polygermanes have been studied
extensively, these routes often present limitations to substituent functionalities, and
post-polymerization functionalization is required. Since Si—X or Ge—X (X = Cl,
Br, I) bonds cannot survive in the Wurtz-type or electrochemical reduction. Hydride
termination, naturally present in dehydrocoupling methods to synthesize polysilane
(RSiH3 monomer) or demethanative coupling synthesized polygermanes ((Me)>RGeH
monomer), becomes one of the most promising synthetic handles for modification.
The simplest polysilanes and polygermanes contain only Si/Ge and H; they are
poly(dihydrosilane) —[SiH2],— and poly(dihydrogermane) —[GeH:],—, respectively.
Poly(dihydrosilane) was synthesized using cyclopentasilane (CPS: SisHio) via

12



ring-opening polymerization, and it is applied as a precursor to form hydrogenated
amorphous silicon thin films.'**1% The germanium analog of CPS is, however, not
known. By applying chemical vapour deposition using GeHs as a monomer, small
segments of hydrogermanes were detected by mass spectrometry; therefore, it is not
practical for post functionalization.'” Surprisingly, poly(dihydrogermane) can be
prepared using the solid-state synthesized precursor CaGe, and their topotactic
deintercalation under acid environment lead to a pale yellow material with high
molecular weight.!%®1%  Unfortunately, poly(dihydrogermane) prepared by this
method is photodegradable and cause explosive decomposition when dry at an
ambient environment. The preparation of a safe method to handle high-quality

poly(dihydrogermane) precursors is urgent.

1. 2 Covalent Functionalization on Si/Ge Surface

The eminent physicist Wolfgang Pauli used to say, "God made the bulk; surface was
invented by the devil". Pauli explained that the diabolical characteristic of the surface
was due to the simple fact that a solid surface shares its border with the external
world. As a result, the properties of surface atoms are very different from those in the
adjacent bulk media. This is especially true for nanostructures because of their
massive surface ratio. Silicon quantum dots with same sizes but different surface
group terminations can exhibit different PL colours across the visible spectrum
(Figure 1.10a).''12 Upon treating with functional groups, the surface energy of

nanostructures can be tuned, resulting in hydrophobic or hydrophilic surfaces,''3

114

which is wvital in bio-imaging applications (Figure 1.10b,f). Surface

functionalization is acting also as an excellent template for hybrid material synthesis.
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ﬂ t=1min
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Figure 1.10. (a) Photograph of 3-4 nm Si QDs functionalized with various surface groups dispersed in
toluene, under UV illumination: blue, dodecylamine; blue-green, acetal; green, diphenylamine; yellow,
trioctylphosphine oxide; orange, dodecyl (air); red, dodecyl (inert). (b) Solubilization of Ge/CdS
core-shell QDs in water via thiol ligand exchange. (c) Confocal microscopy images of MCF-7 cells
incubated with chitosan capped Ge QDs, which was functionalized further with doxorubicin and
conjugated with folic acid. (d) Photograph of a water suspension of Si-amide-Fe3O4 NPs under UV light
and permanent magnet. (e¢) Photograph of (top) Si QDs, (middle) mAmetrine (mAm), and (bottom)
combined Si QDs and mAm with increasing micromolar concentrations of PX under UV illumination. (f)
Fluorescence microscopy images of Qu-Ge NPs and colocalization of Qu-GeNPs (red) and lysosomes
(green) in MCF-7 cells. (a, b) Reprinted with permission from ref 113, ref 115. Copyright 2014
American Chemical Society. (c) Reprinted with permission from ref 116. Crown Copyright 2013

Published by Elsevier B.V. (d) Reprinted with permission from ref 117. Copyright 2016 Materials
Research Society. (e) Reprinted with permission from ref 118. Copyright 2019 American Chemical
Society. (f) Reprinted with permission from ref 114. Copyright 2014 Wiley-VCH Verlag GmbH & Co.

Pei-hui Yang and co-workers prepared multifunction water-dispersible Ge QDs
(Figure 1.10c) by capping with chitosan, loaded with doxorubicin (a classic drug for

cancer treatment), and then conjugated with folic acid for targeting purposes.''® When
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Si QDs are linked covalently to Fe3O4 nanoparticles, these hybrid structures exhibit
both PL and magnetic properties (Figure 1.10d).''” When the surface of these
nanostructures are bonded to specific functional groups, their luminance will be
quenched, making them a good candidate for sensing applications, such as the

detection of explosives** or neuro-agents (Figure 1.10¢).!'8

1. 2. 1 On Wafer Surface

Before discussing the functionalization of the Si/Ge nanostructures, it is worth
reviewing the established methods to functionalize the Si/Ge (111) bulk. The (111)
orientation is the plane with the densest Si/Ge atoms on the surface (Figure 1.11) and
the most observed reflection in Si/Ge QDs.204111%:120 The topmost (111) surfaces
consisting of a puckered, honeycomb arrangement is also structurally identical to

Si/Ge in the silicane/germanane layers.”%!21:122

Si(100) Si(110) Si(111)

L ek

Figure 1.11. Unit cells of Si(100), Si(110), and Si(111) (upper part), and view along the different
directions of the diamond cubic lattice (lower part). The black marked silicon atoms belong to a

particular plane. Reprinted with permission from ref 123. Copyright 1998 IEEE.
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Due to their wide use in microelectronic applications, single-crystal Si and Ge
wafers with a selected orientation are commercially available. Upon exposure to air,
these crystals are oxidized readily to form a thin oxide layer that can be removed
chemically with fluoride ion'?#!2 or thermally under UHV conditions (not covered in
this thesis).'?%1?7 Additionally, the surface of GeO; is much less stable than that of
SiO: and is readily washed away in water or acids.!??> After fluoride-based etching,
freshly etched hydride-terminated Si and Ge surfaces are good candidates for direct
functionalization, or as the surface reactive precursors for halide-terminated surfaces

before further functionalization (a few general methods are summarized in Figure

1.12).

[

[ T——

R R R
native oxide
capped Si(111)
Si. Si. Si.
P N UK Y WA A WA N
HF(aq) or R Si & Si & Si & Si
NH,F(aq) R R R
R VY S
N ( ¢
REL RPN SRTPURELL L — Si., Si. Si
Sit g, "SiT & S 4TSI Sir A TSIt AUSIY A s
Si(111) H;Si—R

PCl; or Cl, HSi” HSi” HSi
Si. .Si. .Si.
NBS or CCI;Br PIREL AROTSTRUE URPPRNEL L
Si & Si & Si & Si
X X X RLi or RMgX R R R
Si., .S, | .Si. N CSiL .SiL S
PN TP Qi Qs Siva S A 'S A
SiTg S g S g S g g g S
X=Cl, Br
HCl(g), A
[ or 10% HCI (aq) cl a cl
‘ - G \'C}e'wG 'qe'/G "qe"/G
¢ Ge ¢ Ge ¢ Ge ¢

native oxide
capped Ge(111) Ge(111)

Figure 1.12. Reaction path to prepare hydride- and halide-terminated Si/Ge surfaces and products of
Si/Ge-R functionalization. NBS: N-bromosuccinimide.
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Hydrosilylation/Hydrogermylation has been known in the molecular
organosilicon/organogermanium literature for decades for convenient Si—C/Ge—C
bond formation. It involves the insertion of an unsaturated bond into a Si—C or
Ge—C group, such as alkynes and alkenes.'?° The first example of hydrosilylation on
Si(111)-H surface was carried out in 1993.'?8 Insertion of alkenes in the presence of
diacyl peroxide as a radical initiator yielded a high-quality monolayer and
demonstrated excellent stability in boiled solvents, water, base, or in HF solution.'?®
The study of hydrosilylation/hydrogermylation on a bulk surface then divided into a
few major categories: radical-based, surface photoemission-driven, exciton-driven,
and plasmon-assisted. Radical initiation is one of the commonly applied methods. It
was proposed that the key intermediate is the surface silyl radical or the germanium
equivalent (also known as the dangling bond), represented by =Sie or =Ges-,

respectively. These radicals can be formed by initiators (such as diacyl peroxide, !?

131

4-nitro or bromobenzene diazonium salt,'** heating,'*' including microwave

irradiation), 1*%133 UV light,'**!35 and gas-phase generation'3® (Figure 1.13).
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Figure 1.13. Routes for silyl radical formation: (a) diacyl peroxide radical-initiator, (b) diazonium salt,

(c) thermal heating, (d) UV irradiation, and (e) gas phase decomposition.
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The formed dangling bond can react extremely rapidly with olefins, forming a
carbon-based radical, which can abstract hydrogen from a neighbouring
Si—H/Ge—H group, and propagation will form a uniformly functionalized surface

(Figure 1.14).137:138
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Figure 1.14. Reaction of a surface silyl radical with an alkene.

For photoemission-driven hydrosilylation, silicon has a work function of
~4.7 eV, and UV light with 254-nm wavelength possesses sufficient energy to eject an
electron directly from the conductive band, leading to the positively charged silicon
surface.'3* Then, it is attacked by the m-electron from the alkene, leading to the
formation of the Si—C bond. When using white light, although the energy is not
sufficient to eject an electron, an electron/hole pair, or exciton, is formed upon
absorption of a photon.!3%!%? The hole weakens the surface Si—Si bond, which then
is attacked by the alkene, and the positive charge remains in the silicon. On flat
silicon, the exciton-based hydrosilylation is, however, takes significantly longer than
on a porous surface or nanoparticles due to a slight difference in the reaction
mechanism.!3%14! Interestingly, the reactivity of white light hydrosilylation on flat
silicon can be enhanced with the presence of gold NPs.'# It is explained by gold NPs
operating as “photon collectors” or enhanced electric fields that assist in exciton
dissociation, 43144

As briefly covered in Table 1.1, dehydrogenative coupling is a common
method for polysilane synthesis via the disproportionation reaction between Si—H

bonds to form Si—Si and H—H bonds. In 2006, Li and Buriak presented the
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reactivity on flat and porous silicon with primary silanes using the early transition
metal catalyst Cp2TiCl, and Cp2ZrCl/2 n-BuLi.'?> Contrary to the molecular system,
only monolayer coverage is obtained on the Si wafer surface due to steric hindrance.
Another major methodology to functionalize Si/Ge(111) surfaces is by
Grignard and organolithium chemistry. It involves the forming of Si/Ge-halogen
bonds on the (111) surface, which can be achieved via PCls treatment of an
H-terminated Si surface'*'%¢ (e.g., 20-60 min at 80-100 °C using benzoyl peroxide
as a radical initiator), Cl under a 300 W tungsten lamp for 2 min,'#”!*® or exposure of
an oxidized Ge (111) surface with 10 % aqueous HCI for 10 min.!*!5% Subsequently,
the halide surface can react with an alkyllithium or Grignard reagent at 80 °C,
yielding LiX or MgX> and an alkyl group bound to the silicon surface through a Si-C

linkage that is stable at ambient conditions for at least a month.'46-151-153

1. 2. 2 On Nanostructured Surface
1. 2. 2.1 Porous Si/Ge

Porous silicon and germanium are bulk substrates with nanosized pores and apparent
quantum-confinement effects (i.e., PL). They are fabricated mainly by
electrochemical etching of a single crystal (100) wafer in HF or HCI (for germanium),
and pore sizes are varied by the applied current density."’*'3¢ Thermally-induced
hydrosilylation/hydrogermylation of alkenes and alkynes has been applied to
Si—H/Ge—H surfaces.’*'3® Auger depth profile shows consistent carbon
incorporation throughout the pores. Interestingly, additional to the adventitious
initiation mechanism (Figure 1.14), the authors also proposed that the residual
fluoride from etching will attach to the surface silicon, which would transfer a
hydride to the double bond to give the carbanion, or the double bond will attack a
surface silicon atom to form a pentavalent silicon, followed by hydride transfer to the

carbocation (Figure 1.15).15%
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Figure 1.15. Two alternative mechanisms to the radical-based mechanism proposed for thermal

hydrosilylation on hydride-terminated porous Si.

Metal complex-mediated hydrosilylation/hydrogermylation of alkenes and
alkynes has been applied to hydride-terminated porous Si/Ge.'>*!®0 A late transition
metal complex was reported extremely effective with soluble molecular silanes'®! but
can be problematic on the porous surface due to metal deposition or surface oxidation,
which quenches the PL.'? Lewis acid-mediated hydrosilylation/hydrogermylation
using EtAICl> was found to be effective (ca. 28% coverage when alkyl terminated)
and soluble in non-polar solvents.'3

While photochemical hydrosilylation with white light is a slow process on the
flat surface (>10 h),'*° hydrosilylation reaction is induced on the porous surface at
room temperature in minutes.!3>!#! It is proposed that it is driven by long-lived
excitons in porous silicon and nanoparticles that are generated in-situ, as opposed to
Si—H cleavage under UV light. As shown in Figure 1.16, electron/hole pairs are
formed upon absorption of photons in the nanocrystalline matrix and the
photogenerated holes interacted with alkenes, forming Si—C bonds. Then, the
silyl-substituted carbocation can be neutralized with a neighbouring H and the
electron derived from the original exciton. The reaction rate can be improved further

with the addition of electron acceptors, such as CBrs, CCly, C2Cle.'%*
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Figure 1.16. Mechanism for the exciton-mediated hydrosilylation on porous silicon and silicon

nanoparticles.

Because this reaction is photoinduced, photopatterning can be achieved by
applying photomasks with a feature resolution of less than 33 um (Figure 1.17).135141
The authors noticed that the alkyl-functionalized silicon could survive in boiling

KOH solution, while the PL of H-terminated area is completely quenched.

Figure 1.17. Photographs of porous silicon samples photoluminescing under UV irradiation. (a) The
words are the areas reacted with these same reagents via a masking procedure. The reacted areas are
slightly red shifted and darkened as compared to the PL of the unreacted regions of the sample. (b) The
same sample development using boiling pH 12 KOHq) solution. Reprinted with permission from ref

141. Copyright 2001 American Chemical Society.

Furthermore, other reactivities that are not observed in the flat surface or

molecular silanes were reported on the porous surface. In 2016, Sailor and co-workers
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reported the dehydrogenative coupling of primary silanes onto the hydride-
terminated porous surface under gentle heat at 80 °C.!% After surface modification,
the PL of the porous surface is not quenched, while the contact angle remains
unchanged after 5 days, indicating uniform passivation. The authors also introduced
the functional silanes with perfluoro-, alkenyl-, and halide- termination that indicated
good post-functionalization potential. The addition of organolithium'®%'67 and
Grignard reagents'®® to hydride-terminated porous silicon was found to proceed
efficiently at room temperature without electronic bias. The mechanism proposed for
silicon—carbon formation involves the attack of a weak Si—Si bond by the carbanion
nucleophile; the resulting silyl anions on the porous silicon surface can react further,

offering the possibility to form mixed surfaces.

1. 2. 2.2 Si/Ge QDs

Despite the relatively short history of silicon and germanium quantum dot synthesis
and functionalization, their interesting optical and electronic properties have attracted
enormous attention. Almost all variants of functionalization on the bulk surface and
molecular system mentioned above have been applied to the surfaces of QDs. These
include but not limited to radical-based,*?>326:16%-173 transition metal-mediated,!’*!73
Lewis acid-catalyzed,'”®!'”7 photochemical'’®!” hydrosilylation, dehydrogenative
coupling reactions with!%® or without catalyst,'®> and organolithium reagents'3!-'%? for
silicon-based QDs, and radical-based,?®!®3 Lewis-acid catalyzed?® hydrogermylation
and thermally-induced dehydrogenative coupling reactions** for germanium-based
QDs. These methods are summarized in Figure 1.18.

It is worth mentioning that while thermal thiolation passivation is challenging
on a Si QD surface,'® it is one of the common methods to protect germanium via
simply heating at 80 °C,'"®> lower than thermally induced hydrogermylation

temperature. Furthermore, Ge QDs prepared by many synthetic routes, such as
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reduction of GeCls using organoalkali and alkali metal reagents, metathesis reactions
of germanium Zintl salts, and thermal decomposition of organogermanes, are usually
already alkyl- or halide- terminated when the Ge—X bonds are functionalized with

organolithium or Grignard reagents. '
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Figure 1.18. Summary of the synthetic pathway of hydride-terminated Si and Ge QDs.

23



Surprisingly, another category of hydrosilylation that has not been developed
yet on bulk surface or not applicable for silane monomers, has been studied in the
Veinot lab.!>!%” XeF, and PCls are known etchants that cleave Si—Si o bonds.!?3168
When they are exposed to Si surfaces at room temperature, large quantities of fluorine
radicals (F¢) or chlorine radicals (Cl¢) are generated, which rapidly strip off surface Si
atoms and leave dangling bonds (=Si*). Then, the dangling bonds can follow the
adventitious hydrosilylation pathway (Figure 1.19). The major advantages of these
methods are room temperature, fast reaction (30—60 s, XeF, initiated) with high

ligand-surface coverage, and bright PL.
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Figure 1.19. Proposed mechanism for etchant-based hydrosilylation. (top) XeF2 and (bottom) PCls.

While alkyl-terminated functionalizations were utilized for surface protection
and for introducing functionality, heteroatoms bonded on silicon QDs have a direct
impact on the overall band structure. It was noticed first on the slightly oxidized
dodecyl passivated Si QDs that the PL colour changes from red to orange.!!%-188.189
Dasog et al. have studied the impact of ligand substitution from N-bonded, O-bonded
Si QDs and functionalization from halide (-Cl, -Br, -I) terminated Si QDs.!!0:111,190
The observation on PL shift is explained by different exciton recombination
mechanisms.!'? A PL lifetime study suggests that the alkyl-terminated or slightly

oxidized QDs are dominated by the band gap transition from the emission core, where
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alkanes have a negligible interface. The blue-emitting alkylamine- functionalized
emission is originating from a surface-state-influence. The synthesis path of a few
heteroatoms bonded Si QDs examples is summarized in Figure 1.20, with an actual

photograph of samples shown in Figure 1.10a.
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Figure 1.20. Synthesis pathway for heteroatom bonded Si QDs. The PL colour is indicated in the
background.

From the work outlined herein, it is clear that these colloidal Si/Ge QDs are

amenable to exciting opportunities for both pure and applied research.

1.2.2.32D Si/Ge

For the 2D structure that only arose over the past decade, the preliminary results on
layered Si/Ge already suggest tantalizing differences from all other Si/Ge

nanostructures. First principles simulations predict that the electron mobility of
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germanane is five times larger than that of bulk germanium (18000 vs 3900
cm?/Vs).!?192 Upon simple thermal annealing of germanane layers in an Ar
environment, their resistivity is reduced gradually from >10 MQ at room temperature
to 3 Q (1.6 x 107 Qem) upon annealing at 210 °C, which is comparable to that of
graphene (1 x 10 Qem).'*>!%* Silicane or surface-functionalized Si NSs emit bright
lime green colour!® PL due to a larger indirect (2.94 eV) or direct band (3.14 eV),'%¢
compared to Si QDs (ca. 2.1 €V, 3 nm).!8!

As a novel category of materials, the surface functionalization methods are
still under development. So far, radical-based (diazonium and iodonium salts, AIBN
and thermal),’>%1951%7 transition metal-catalyzed (H2PtCle*6H20) '°® and Lewis acid
catalyzed'” (including BH3°S(CH3)2, BF3, B(C¢Fs); and Al(CeFs)3) hydrosilylation
have been reported on silicane surfaces. We recently reported the only
hydrogermylation reaction on a germanane surface using thermal heating and AIBN
as a radical initiator; this will be discussed in Chapter 3.2 We also observed
reactivity via Lewis acid (BH3*THF) or etchant (XeF2) hydrogermylation methods.
Similar to hydride- terminated porous silicon surface, Grignard reagents can react
with silicane sheets directly at 70 °C for 2 days to yield phenyl-terminated Si NSs that
luminesce at 3.0 eV.?°' While organoamines show limited reactivity on
hydride-terminated Si(111), they can be accomplished on a silicane surface via direct
reaction at 60 °C for 12-24 h, yielding both Si-NHR and Si-(NR)-Si, similar to those
on a Si QD surface.?>2 We also attempted these reactions and noticed successful
amination and thiolation on a germanane surface via direct reaction at < 80 °C for
15 h; these reactivities will be the basis of future studies.

Topotactic transformation of a layered Si and Ge precursor (i.e., CaSi, and
CaGe;) with organohalides is a unique category for the direct synthesis of

functionalized sheets which is conceptionally consistent to the deintercalation of
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CaGe; with concentrated HCI to yield hydride-termination. In 1961, Bonitz found
that CaSi» can react with different CI sources (FeCls, S2Cly, SbClz, PCls, Cly) at
60-140 °C to form a layered silicene (Sis) structure.?’* Xu and co-workers applied a
similar method to react CaSi, with I in acetonitrile and reported the synthesis of
multilayer silicene, which can be exfoliated further into monolayers and assembled as
an anode material in LIB (Figure 1.21).2° In 2019, Nakano and co-workers reacted
CaSi, with neat benzyl bromide at 150 °C to yield a yellow benzyl-modified silicane
(Figure 1.22). The authors also observed photogeneration under irradiation of UV-vis
light (A > 240 nm and > 420 nm) and no decay of performance after dispersing the

sheets in aqueous solution for a week.2%

Figure 1.21. (a) SEM images of silicene nanosheets and a single silicene sheet (inset), respectively. (b)
TEM image of silicene sheets with the inset showing the photograph of a stable dispersion of silicene
in NMP (5 pg mL™"). (¢) HRTEM image of silicene matching with AA stacking model. (d) SAED
pattern of a silicene sheet. Reprinted with permission from ref 205. Copyright 2018 WILEY-VCH
Verlag GmbH & Co.
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Figure 1.22. The synthesis of benzyl-modified silicane from CaSi2. Reprinted with permission from

ref 206. Copyright 2019 American Chemical Society.

The topotactic transformation of CaGe, is surprisingly more developed
compared to CaSiy. In 2014 and 2016, Jiang et al. prepared methyl-terminated
germanane sheets by two methods via reacting CHsl with CaGe; at room temperature,
with >95% surface coverage, which they attributed this to the small methyl
group.??72% The insertion of a methyl group will not disturb the crystal structure, and
layer spacing was calculated as 0.86 nm in GeCH3s compared to that of 0.55 nm in
GeH (Figure 1.23a). Red PL with an average of hundreds of picoseconds was
observed under UV illumination, and they attributed it to the adsorption of water
molecules between interlayer spaces.?”

This method can be extended to larger sized organo-iodides with the trade-off
of week-long reaction times and lower surface coverage (<30 %). To date,
heptyl-terminated germanane has been synthesized using this method.?'® Pumera and
co-workers prepared iodinated germanane (Gel) by reacting CaGe> with ICI in
acetonitrile and, subsequently, functionalized it with Grignard reagents. There is no

doubt that a deeper understanding of these 2D nanostructures is still needed for

fundamental and applied applications.
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Figure 1.23. (a) pXRD patterns of GeH (blue) and GeCHj3 (red), (b) GeCHs shows red PL under UV
light. Reprinted with permission from ref 207. Copyright 2014 Macmillan Publishers Limited.

1. 2. 3 On Si—Si/Ge—Ge Backbone

There is only very limited literature on the postpolymerization functionalization of
existing polysilanes and polygermanes. The functionalization was achieved mainly
via replacement of aryl groups with halogen by saturating a benzene solution of the
polymer with hydrogen halide (HCI, HBr) in AIX3 catalyst®>? or by reacting existing
Si—H bonds (usually polymerized by a dehydrocoupling reaction) with unsaturated
groups via hydrosilylation.?!' The development of new stable and scalable base

polysilanes and polygermanes is under urge demand.

1. 3 Zintl Phases

The term Zintl phases originally was used to recognize the pioneering chemist Eduard
Zintl for his contributions in the field of solid-state inorganic compounds.?!?2!5 They
were defined as a subgroup of intermetallic phases where the anions (or the anionic
cluster) are formally valence satisfied. These compounds are made up of
electropositive group 1 or 2 elements, which donate their electrons to the
electronegative group 13, 14, 15, or 16 elements, which use those electrons to form a
number of bonds such that each element has a filled shell. The group of Zintl phases

is expanding continuously from binary to ternary phases, and transition metals and

29



rare earth elements also are included in some cases. Zintl electron counting or the
Zintl-Klemm concept is a powerful guideline to make new compounds and materials.
In many cases, the structural subunits in Zintl phases lead themselves to topotactic
reactions, where a metastable intermediate has a crystallographic relationship to the
precursor. In Zintl phases NaSi, KSi, KGe, CsSi, and CsGe, or SrGe,, BaSi,, and
BaGe,, each Si and Ge atom has a formal charge of (—1) that leads to three
coordination and forms isolated tetrahedron clusters [Sis]* or [Ges]*. Interestingly,
this same formal charge and coordination also can arrange the Si and Ge atoms into a
layered or 3D network, as observed in CaSi», CaGe,, or SrSi>. The anions in the Zintl
phases also may share a fractional formal charge, such as (-3.33) in CasSiz and BasSis.
This is because the unit cell contains Si dumbbells and isolated Si atoms that have
formal charges of (-2) and (-4), respectively. In samples of Nai2Gei7, two types of
clusters, [Ges]* and [Gey]*+, are observed in the unit cell, where Ge has (0) and (-1)
formal charges in the [Geo]* cage. More complicated structures, such as Li;Ge», also

can be prepared (Figure 1.24).

Na,,Ge,;

Figure 1.24. Isolated [Ges]* and [Geo]* and crystal structures of BaGez, SrSiz, Nai2Gei7, LizGero.
Adapted with permission from ref 214. Copyright 2019 by the authors. Structure of Li;Gei2, adapted
with permission from ref 216. Copyright 2014 American Chemical Society.
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The pure phase of isolated [Geg]* cluster was prepared in KusGey by Fissler
and co-workers and has been applied as a soluble Ge source in the template formation
of inverse opal structures (Figure 1.25).2!7:218 The Zintl phases are also precursors in
the synthesis of Si and Ge QDs, as introduced above. Nanoporous Ge or Ge;-Six were
prepared from dissolving solid K>Gey or KsGesSis in ethylenediamine and mixing
with cetyltrimethylammonium bromide (CTAB) surfactant.?'®??° Hexagonal

mesoporous Ge can be prepared from Mg>Ge and GeCls.??!
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Figure 1.25. (Top) Fabrication of Ge inverse opals by controlled oxidation of [Ges]* Zintl clusters.
(Bottom) SEM image of Ge inverse opal with the magnified area indicated. Reprinted with permission
from ref 218. Copyright 2016 Wiley-VCH Verlag GmbH & Co.

1. 3. 1 Ca—Ge System

The thermodynamic properties of the Ca—Ge system are very limited because of the
volatility of elemental calcium. The phase diagram was incomplete until 2002 when
Palenzona et al. updated the Ca;Ges intermetallic phase (Figure 1.26 dash line).???
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Figure 1.26. Ca—Ge phase diagram, dash line: Palenzona, solid line: Djaballah. Reprinted with
permission from ref 223. Copyright 2013 ASM International.

Based on his work, Djaballah reported the new thermodynamic modeled phase
diagram.??>224 There are in total four intermetallic compounds: Ca>Ge, Ca7Ges, CaGe,
and CaGes. Three other compounds are observed only at low temperatures, with
unknown composition: Caz3;Ge, Ca;Ge and CasGes. The crystal structures of all
compounds except Ca33Ge are shown in Figure 1.27.

Caz3Ge and Ca;Ge are phases having a high content of electropositive element
that does not obey the Zintl-Klemm concept, as CI atoms are cubic close-packed with
superstructures imposed by the Ge atoms.?!’® CaGe is the first intermetallic phase
with the highest melting temperature of the system. All the Ge atoms in the unit cell
are four coordinated with Ca atoms, leading to isolated anions with limited potential
as a precursor. Similarly, compound CasGes only contains Ge> dumbbells and isolated
Ge atoms, which would potentially form germane (GeHs) and digermane (Ge>He) gas

after acid deintercalation.

32



Figure 1.27. The crystal structure of Ca—Ge Zintl salts with indicated unit cell and extended structures
of CaGe and CaGe: present for a clear view of interlayer structures. 1T CaGe: is not reported

experimentally.

The compound CasGes is crystalline, in the form of large platelets separated
by voids, for which the equilibrium in these alloys was difficult to reach after 15
attempts by Palenzona et al.?*?> During the synthesis of compound CaGe, we noticed
the presence of a small Ca;Ges impurity when at.5% excess Ca was loaded in the arc
furnace and characterized by powder X-ray diffraction (pXRD, Figure 1.28). Upon
acid/water treatment, they decompose into molecular oligogermanes that can be
isolated via centrifugation easily.

The equiatomic composition CaGe can be prepared by congruently melting Ca
and Ge together.?”® The Ge subunits are arranged into planar zig-zag chains that are
structurally equivalent to the preferred anti conformation in the Ge—Ge polygermane
backbone. These zig-zag chains are aligned parallelly to form a “layered” morphology,
where an interlayer space is separated by two layers of Ca atoms. The last
intermetallic compound is CaGe», where four polytypes (2H, 3R, 4H, and 6R) have

been reported, all containing germanene layers stabilized by Ca cations.”!?26-22
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Figure 1.28. Powder X-ray diffraction pattern of (red) as synthesized CaGe, (blue) calculated pattern,
and (green) calculated Ca7Ges pattern (A = 1.5406 A).

The 2H and 4H polytypes have a hexagonal crystal system with two and four layers
of germanene stacked in the AB and AA’BC order, respectively. The 3R and 6R
polytypes have a trigonal rhombohedral crystal system, with three and six layers of
germanene stacked in the ABC and AA’BB’CC’ order, respectively. The computed
structure of 1T polytype is shown in Figure 1.27, which has germanene layers in an
AA-type of stacking that have not been characterized experimentally. However, this

type of Ge layer stacking was observed in 1T EuGe».??8

1. 3. 2 Exfoliation of Layered Materials

After the topotactic transformation of Zintl precursor CaGe; and CaGe using acid or
organohalides, the resulting germananes or polygermanes are still intact as bulk
material and need to be exfoliated into individual layers or strands in order to
maximize the surface area for further functionalization or to increase their potential

catalytic reactivity. Additionally, the electron wave function extends in three
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dimensions in a layered crystal that could be constrained to adopt a 2D wave function,
thus modifying the electronic band structure.’?° In 2004, Geim and Nocosolov
showed the exfoliation of graphite into graphene sheets using Scotch® tape.’?-3
Similarly, the van der Waals force between germanane layers are in the similar order
as graphite, and the exfoliation is achieved using the same technique.”” While this
mechanical exfoliation remains the source of the highest quality and resulted in some
major advances, it suffers from extremely low yield, with monolayers needed to be
selected from multilayers. One possible solution is the exfoliation of layered
compounds in liquids to give a large quantity of freestanding nanosheets. Recently,

Nakamura and Nakano?3!

rationally studied the sonochemical exfoliation efficiency
of germanane powders in 35 solvents (Figure 1.29, Table 1.2) and their dispersibility

after one day of standing.

Figure 1.29. Photographs of germanane dispersions in probe liquids #1—35. Reprinted with permission

from ref 231. Copyright 2018 American Chemical Society.
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The probed solvents are summarized in Table 1.2. It is worth noting that these
dispersibilities are a good guideline for hydride-terminated Ge NSs. Surface
functionalized Ge NSs with designated ligands often show significant improvement in

solvent dispersibility.

Table 1.2. Selected Liquids #1-35 for Germanane Dispersibility Tests

no. Liquid name no. Liquid name no. Liquid name

1 Acetone 13 Acetonitrile 25 2-Butanol

2 Toluene 14 Tetrachloroethylene 26  n-Butyl Acetate

3 2-Propanol 15 Acetic Acid 27 Carbon Disulfide

4 Methyl Ethyl Ketone 16 Ethanol 28 Diether Ether

5 N-Methyl-2-pyrrolidone 17 Cyclopentanone 29 1,3-Butanediol

6 Dimethyl Formamide 18 Ethyl Acetate 30 Cyclohexylchloride
7 Hexane 19 Formic Acid 31 Dimethyl Sulfoxide
8 Formamide 20 Ethylene Glycol 32 1,3-Dioxolane

9 1,4-Dioxane 21 Tetrahydronaphthalene 33 Caprolactone

10 Propylene Carbonate 22 Chloroform 34 Methylene Dichloride
11 o-Dichlorobenzene 23 Methylal 35 1-Bromonaphthalene
12 Benzyl Alcohol 24 Cyclohexanol

1. 4 The Scope of This Thesis

The underlying hypotheses of this work are Zintl phases will provide convenient
precursors for the preparation of 1D and 2D germanium nanostructures and that their
surface chemistry can be tailored using solution methods. Chapter 2 concentrates on
the attempts to synthesize the high purity layered precursor CaGe: and its topotactic
transformation into fully hydride-terminated germanane flakes. In Chapter 3 and 4,
the germanane flakes were exfoliated in liquid phase and functionalized
simultaneously into Ge NSs with different functionality.

In Chapter 3, two of the radical-based hydrogermylation reactions, thermally
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or radical-initiator are introduced, both show improved solvent dispersibility and
thermal stability compare to hydride-terminated Ge NSs. The crystal structures of Ge
networks were intact after functionalization and show layer stacking dependent
electron diffraction patterns. For the Ge NSs prepared at higher temperature, the
solution appears as a dark colour with a lower bandgap. A ligand-sheet-ligand model
is derived from the overlayer model for surface coverage estimation.

In Chapter 4, the surface of hydride-terminated Ge NSs was reacted directly
with Si—H bonds via a thermal dehydrogenative coupling reaction. This reaction is
mild, where both primary hydridosilanes (H3SiCisH37, H3Si(CH2)2(CF2)sCF3), and
tertiary hydridosilanes (HSi(Me)(CisH37), HSi(CH17)3) can be modified on to the
Ge NSs surface. The reactivity was explored further with hydride-terminated Si QDs
at average diameters of 3—64 nm. The successful reaction was monitored as the
quenching of PL, and the synthesized hybrid material was evaluated directly under
electron microscopy.

Chapter 5 focuses on the synthesis of poly(dihydrogermane) from precursor
CaGe by two topotactic transformation reactions using HCI or water. The resulting
compounds exhibit a substantial difference in stability and optical band gap. The
Ge—H bonds on the Ge—Ge backbone were modified further via hydrogermylation
reactions.

Finally, Chapter 6 summarizes the findings made in Chapters 2—6 and
provides a brief outlook for the methodologies and materials synthesized in this

Thesis.
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Chapter 2

Synthesis and Characterization of Germanane'

The preparation and applications of van der Waals materials has become an area of
intense investigation because exfoliation of layered precursors can yield new
materials with properties that differ substantially from their bulk material
equivalents.3>230-232.233 The prototypical van der Waals material is graphene; it
exhibits tremendously high carrier mobility compared to graphite and is among the
strongest materials known.*3%23* While the preparation and derivatization as well as
physical and chemical properties of graphene have been studied widely,
investigations of sheet materials of carbon's heavier periodic congeners (i.e., silicon
and germanium) are far less prevalent.’02

Doubtless, the limited number of studies of nanosheets of heavier Group 14
elements is partly because there is no naturally occurring layered allotrope of silicon
or germanium with a graphite-like structure. Epitaxially grown 2D elemental Si
(silicene) and Ge (germanene) can be achieved only on metallic surfaces in ultrahigh
vacuum conditions®®7235 and must be encapsulated to survive in the ambient
environment.®® The search for a suitable layered precursor for Si sheets saw Wohler
deintercalate layered calcium disilicide (CaSiz).?*¢ Stutzmann and co-workers
extended this Ca-deintercalation methodology to prepare hydride-terminated
germanane (GegsHs), from layered calcium digermanide (CaGe:).”!??’ Goldberger and

co-workers revisited this approach and mechanically exfoliated hydride-terminated

* Portions of this Chapter have been copied and/or adapted from the following publication: Yu, H.; Helbich, T,; Scherf, L.
M.; Chen, J.; Cui, K;; Fassler, T. F; Rieger, B.; Veinot, J. G. C. Radical-Initiated and Thermally Induced Hydrogermylation of
Alkenes on the Surfaces of Germanium Nanosheets. Chemistry of Materirals. 2018, 30 (7), 2274-2280.
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Ge nanosheets (H-GeNSs) as single- and few-layer sheets via Scotch Tape® and
polydimethylsiloxane lift-off.”> H-GeNSs prepared in this way possess a buckled
honeycomb structure, with surfaces crystallographically identical to Ge (111) oriented
wafers, 66:237.238
This Chapter will focus on the preparation of CaGe, precursor via an
alternative heating method for fast production and its deintercalation into germanane

flakes (Figure 2.1), with detailed characterization and comparison to the germanane

materials prepared in the previous methods.

Figure 2.1. Schematic illustration of germanane (GesHs). synthesis.

2.1 Material Synthesis
2. 1. 1 Material

All reagents were purchased from Sigma-Aldrich and used without further
purification, unless otherwise stated. All solvents, except acetone, were dried using
an Innovative Technology, Inc. Grubbs-type solvent purification system. Anhydrous
ethanol was dried over molecular sieves (3 A), degassed via three freeze-pump-thaw
cycles using an argon-charged double manifold. All solvents and liquid reagents were
degassed via three freeze-pump-thaw cycles using an argon-charged double

manifold and stored in a MBraun glove box with nitrogen working gas.
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2. 1. 2 Synthesis of CaGe:

A stoichiometric mixture of calcium (granular, Sigma, 99.0 %) and germanium
(Sigma, 99.999 %) was pressed to a pellet and subsequently melted in an arc furnace
installed in an argon-filled glove box (MBraun, H>O and O> levels < 0.1 ppm). It also
is noticed that an arc furnace in an ambient condition produces CaGe> in adequate
quality after the chamber has been evacuated and backfilled with argon for three
cycles (Figure 2.2). Since calcium has a high vapour pressure compared to germanium,
the granulated calcium needs to be sandwiched between germanium powder during
the pellet press. Direct exposure to a high temperature will result in the evaporation of
calcium and leave elemental germanium in the sample. To ensure effective
homogenization, the resulting silver metallic regulus was melted upon simultaneous
heating from the top and bottom in the arc furnace, ground thoroughly in an agate

mortar, pressed again to a pellet, melted from both sides in the arc furnace, and

239

ground into a powder again.

Figure 2.2. Photographs of (a) arc furnace, model Compact Arc Melter MAM-1, (b) calcium and

germanium pressed into a pellet, and (c) the as prepared CaGe: granular.

2. 1. 3 Synthesis of Germanane (GesHé)x

A standard Schlenk flask was charged with 100 mL of concentrated HCI, cooled

down to -30 °C in a low-temperature freezer before reaction, and fine powdered
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CaGe; (1.00 g) was added. The mixture was maintained at -30 °C for at least seven
days and shaken 10 times per day at regular intervals.”’ Then, the reaction mixture
was filtered using a glass frit under argon (Figure 2.3). The obtained shiny metallic
flakes were washed three times, first with ice-cold water and then three times with

anhydrous ethanol, followed by drying under the vacuum on the Schlenk line.

@ 17

N
X

Figure 2.3. Photographs of (a) purification and drying apparatus and (b) dried (GesHs). flakes in a
glass frit.

2. 2 Material Characterization

2. 2.1 Fourier Transformed Infrared (FT-IR) Spectroscopy

FT-IR Spectra were acquired using a Thermo Nicolet Magna 750 IR Spectrometer.
Samples were prepared by drop coating a toluene dispersion of the material of choice
onto an electronic-grade Si-wafer (N-type, 100 surface, 100 mm thickness and 10

ohm-cm resistivity) and dried under a nitrogen atmosphere.
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2. 2. 2 Electron Microscopy
Bright-field transmission electron microscopy (TEM) images were acquired using a
Hitachi- 9500 or JEOL JEM-ARMZ200CF S/TEM electron microscope at accelerating
voltages of 300 kV or 200 kV, respectively. HRTEM images obtained from a
Hitachi-9500 were processed using Gatan Digital Micrograph software (Version
3.22.1461.0). TEM samples were prepared by depositing a drop of GeNS suspension in
toluene onto a holey/lacey carbon-coated copper grid (Electron Microscopy Inc.) The
grid was kept in a vacuum chamber for at least 24 h prior to data collection.

Scanning electron microscopy (SEM) images were obtained from Zeiss Sigma
300 VP-FESEM (equipped with a Bruker energy dispersive X-ray spectroscope) at an
accelerating voltage of 20 kV. SEM samples were prepared by depositing CaGe; or
germanane powder onto a carbon tape mounted on an aluminum stub. Non-conductive

samples were coated further with graphite using a thermal evaporator.

2. 2. 3 X-ray Photoelectron Spectroscopy (XPS)

XPS was performed using a Kratos Axis Ultra instrument operating in energy
spectrum mode at 210 W. Samples were prepared by depositing a suspension of the
material of choice onto a copper foil substrate, followed by drying in air. Prior to the
analysis, the Ge (111) wafer reference was cleaned by immersing in 30% v/v H>O, for
90 s, followed by 10 min etching in 10% v/v HF. The base and operating chamber
pressure were maintained at 10”7 Pa. A monochromatic Al K source (A = 8.34A) was
used to irradiate the samples, and the spectra were obtained with an electron take-off
angle of 90°. CasaXPS software (VAMAS) was used to interpret high-resolution
spectra. All spectra were calibrated internally to the Cls emission (284.8 eV). After
calibration, a Shirley-type background was applied to remove most of the extrinsic

loss of structure.
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2. 2. 4 Powder X-ray Diffraction (XRD)

PXRD data were collected using an Inel MPD MultiPurpose Diffractometer equipped
with a CPS 120 curved position sensitive X-ray detector and Cu Ka (8.047 KeV
energy) source or a Stoe STADI P diffractometer equipped with a Ge(111)
monochromator for Cu Ka radiation (A = 1.54056 A) and a Dectris MYTHEN DCS
1K solid-state detector. The CaGe> was ground in an agate mortar, filled into 0.3 mm
glass capillaries, and then sealed. The sample was measured within a 26-range of
5-87.5° (PSD steps, 1.5°; time/step,15 s). The H-Ge powders were deposited on an

amorphous silica holder.

2. 3 Results and Discussion

Compared to the previously reported CaGe, precursor synthesis, either through
depositing element calcium onto a Ge wafer at an elevated temperature’!’%227 or by
sealing Ca/CaH» and Ge in a quartz tube under a vacuum environment, with a 2—6
days heating profile in a conventional tube furnace,’??? the use of a compact size arc
furnace in this method significantly reduces the synthesis time to within an hour
while producing ca. 2.2 g of high-quality CaGe,. Calcium ions were deintercalated
topotactically from crystalline CaGe; to afford hydride-terminated germanane flakes
(HGe-flakes).”® Exposure of CaGe: to cold (i.e., =30 °C) concentrated HCI for one
week caused the characteristic gray appearance of CaGe; to become black with a

shiny metallic luster (Figure 2.3).

2. 3. 1 Structural Characterization
Scanning electron microscopy (Figure 2.4a) shows a clear layered morphology of
CaGe,. After deintercalation, as shown in Figure 2.4b, fissures across the flakes were

formed parallelly due to the insertion of hydrogen into the Ge layers, extending
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interlayer distance and relaxing the strains.

Figure 2.4. Scanning electron microscopy images of (a) CaGez and (b) (GesHé)n.

Powder X-ray diffraction (XRD) confirmed that the synthesized CaGe, was
highly crystalline, and the pattern can be indexed to a 6R unit cell where the Ge layers
stacked in an AA’BB’CC’ form (Figure 2.5).2?® After deintercalation, the germanane
flakes contains the same 6R unit cell, with a = 3.99 A and ¢/6 = 5.50 A; these are
slightly smaller in a (4.01 A) but with a larger spacing in the ¢ direction (5.10 A)
compared to that of CaGe,. These observations indicate that the germanane flakes are
composed of (GesHs), layers, and the interlayer spacing increases as a result of Ge—H
bonds. Compared to the commonly synthesized and relatively stable 2H polytype, the
6R unit cell is one of the polytypes that is unstable at ambient conditions due to the
slightly larger interlayer spacing in the ¢ axis.”’??® On the other hand, this approach

exploits the comparatively weak interlayer interactions (i.e., 72 meV per Ge atom)
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within germanane flakes, which are dominated by van der Waals forces and are of the
same order of magnitude as that of graphite (i.e., 53.5 meV per C atom).240-24!
Individual (GesHs), nanosheets (H-GeNSs) could be prepared easily via sonication of

bulker flakes in an appropriate organic solvent (e.g., toluene).
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Figure 2.5. XRD patterns of (a) CaGe> compared with calculated values and (b) (GesHs).» powders

compared to Ge powders with diamond lattice. The (GesHs). of the regularly stacked sheets can be

indexed by a 6R CaGe: unit cell with @ =3.99 A and ¢ = 33.0 A, with no elemental Ge impurity.

The degree of exfoliation impacts the physical appearance of the resulting
H-GeNSs. After a 5 min ultrasonication, the black germanane flakes break up to yield
a pink suspension (Figure 2.6); this suspension becomes deep red after a 3 h
sonication.

After exfoliation, these freshly prepared sheets were screened under

bright-field transmission electron microscopy immediately; the loose stacking of each
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monolayer can be observed with a contrast comparable to the thin lacey carbon
support (Figure 2.7). Further electron diffraction analysis reveals that the monolayers
have a hexagonal symmetry, assuming a viewing from the [0001] zone axis, and the

inner pattern can be assigned as a (1010) plane, while the outer pattern is (1120)

planes, with lattice constants of 0.34 nm and 0.20 nm, respectively.

Figure 2.7. Transmission electron microscopy images of H-Ge NSs. (a, b) low magnification, (c)

electron diffraction pattern, and (d) high resolution.
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2. 3. 2 Compositional Characterization

Surface hydride-termination of (GesHs), flakes was confirmed wusing FTIR
spectroscopy, which shows characteristic Ge—H stretching and bending vibrations at
2001 and 830 cm’!, respectively (Figure 2.8). Additional O—H stretching and bending
vibrations at ~3370 and 1630 cm’! can be assigned to water adsorbed between these

layers 200,242

Ge-H (v) H,0 H,O G_e-H (6)

Transmission

3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 2.8. FTIR spectrum of (GesHs). flakes.

Comparing the Raman spectra of crystalline Ge(111), germanane flakes, and
exfoliated H-Ge NSs provides insight into the Ge—Ge bond energy (Figure 2.9). The
present germanane flakes show a Ge-Ge feature at 287 cm™' that is broader than that
of the Ge(111) wafer and is shifted to lower energy. These observations are expected
because of the incorporation of hydrogen and loss of the long-range structure of
crystalline Ge(111). Germanane flakes and exfoliated H-Ge NSs exhibit comparably
broad Ge-Ge features at approximately the same Raman shift (i.e., 289 cm™). We
attribute this observation to the H-GeNSs reassembling upon drying during sample

preparation.
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Figure 2.9. FTIR spectra of (black) elemental Ge powder, (blue) (GesHs). flakes and (red) H-GeNSs.

Elemental composition of CaGe; and germanane flakes was confirmed by
energy dispersive X-ray spectroscopy (EDX, Figure 2.10) and X-ray photoelectron
spectroscopy (XPS, Figure 2.11). The EDX result of CaGe; indicates an average of
1:1.96 atomic ratio and the presence of trace O (<2 at%). After deintercalation, due to
the limit of EDX technique that H cannot be detected, Ge is the only element noticed

where the O level is even lower than the substrate conductive double-sided tape.

Figure 2.10. SEM image of (GesHe)x flakes with Ge, C, and O elemental mapping.
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Figure 2.11. Survey X-ray photoelectron spectroscopy of clean (a) Ge (111) wafer, (b) CaGez and (c)

germanane flakes.

Consistent with the EDX results, the survey XP spectra of CaGe,, germanane
flakes, and a freshly etched clean Ge (111) wafer as reference indicate almost
identical spectra between the germanane and the Ge wafer. Additional Ca 2p and 3s
emissions can be observed in CaGe;, and strong O 1s and C 1s emissions are
contributed mainly from the substrate conductive double-sided tape.

The high-resolution XP spectrum gives insight into the oxidation state of Ge
atoms on the CaGe, and germanane flake surface (i.e., within the top 10 nm,
Figure 2.12). All spectra were calibrated to adventitious carbon at a binding energy
(BE) of 284.8 eV.2** A negatively charged Ge-layer stabilized by Ca ions in CaGe; is
evidenced by a Ge 3ds» BE of 28.4 eV that appears at lower energy than the Ge
emission for the Ge (111) standard (i.e., 29.4 eV). The BE of the Ge 3ds, feature in

the spectrum of germanane flakes that appears at 29.8 eV is at a slightly higher

49



energy than that of the Ge standard. We attribute this shift to the influence of the

hydrogens that bonded to the GeNS surfaces.
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Figure 2.12. High-resolution XPS of Ge 3d region: (a) clean Ge (111) wafer, (b) CaGe: and (c)
germanane flakes. The deconvolution of each oxidation state has been fit to the Ge 3ds» and 3dse

spin—orbit pairs in the same colour set.

In addition, features associated with surface oxidation of CaGe; were noted in
the high resolution XPS of C 1s, Ca 2p, and O 1s regions (Figure 2.13). While Ca
remains in a (+2) state in CaGe; and potential oxidized products, the O 1s reveals the
presence of a Ca—O emission, suggesting the potential oxidized product is Ca(OH)s.
However, from the presence of CO3 emission observed in the C 1s and O 1s spectra,

the possibility of CaCOj3 cannot be eliminated.?**
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Figure 2.13. High-resolution XPS of CaGez, (a) C 1s region, (b) Ca 2p region, and (c) O 1s region.

2.4 Summary and Outlook

In this Chapter, we developed a very fast gram-scale synthesis method for high
quality CaGe; granular that can be deintercalated topotactically using concentrated
HCl and yield germanane flakes with large grain size. The structure of CaGe;

precursor and germanane flakes can be indexed as a 6R unit cell, confirmed with
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pXRD. After deintercalation, the germanane flakes have each germanium bonded to
three other germanium atoms, and one hydrogen with the presence of trace oxygen.
The XPS survey spectrum of (GesHs)n is identical to the freshly HF etched
hydride-terminated Ge (111) wafer. Additionally, these germanane flakes can be
exfoliated easily into hydride-terminated nanosheets, with a hexagonal lattice
observed by electron diffraction, which is individual layers with Ge—H bonds on the
surface. These bonds can be regarded as a synthetic handle for further surface group

substitution.
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Chapter 3

Germanium Nanosheets Surface Functionalization:

Hydrogermylation Reaction?

3.1 Ge-C Bond Formation

Exfoliated H-Ge NSs oxidize when exposed to ambient conditions. This behaviour is

126,245,246 as well as

similar to that of hydride-terminated Ge (111) wafer surfaces
germanene.®®%” The introduction of covalently bonded layers onto the surfaces of Ge
NSs is of particular interest because of the expected chemical stability and
solvent/medium compatibility they will impart. In addition, modifying the molecular
layer presents an opportunity to tailor material properties predictably (e.g.,
conductivity, processability, optical response, assembly).?8.72:124.126,198,201,202,239,247

To date, only a few solution routes have been reported that afford
functionalized Ge NSs. Goldberger and coauthors prepared surface protected Ge NSs
by topotactically reacting layered CaGe, with small iodoalkanes (e.g., R-I; R=—-CH3,
~CH,OCH3;, —CH2CH=CHa, etc.).207:298210 While the materials produced by this
approach exhibited improved ambient and thermal stability, the scope (i.e., length,
reactivity, electronic properties, etc.) of the surface functionality is very limited; more
importantly, it is not immediately clear how more complex surface functionalities

could be introduced using this approach.

We and others have demonstrated various hydrosilylation protocols that afford

* Portions of this Chapter have been copied and/or adapted from the following publication: Yu, H.; Helbich, T,; Scherf, L.
M.; Chen, J.; Cui, K;; Fassler, T. F; Rieger, B.; Veinot, J. G. C. Radical-Initiated and Thermally Induced Hydrogermylation of
Alkenes on the Surfaces of Germanium Nanosheets. Chemistry of Materirals. 2018, 30 (7), 2274-2280.
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convenient methods for modifying hydride-terminated silicon (111) surfaces,'?¢

silicon nanoparticles'7176-248 and silicane.'?%2* There also have been a few reports of
hydrogermylation on Ge substrates and nanomaterials. 23124126

In this Chapter, we studied the first demonstration of radical-initiated and
thermally-induced hydrogermylation on H-Ge NSs (Figure 3.1) as well as detailed

structural and compositional characterization of the resulting functionalized materials.

jog*

Figure 3.1. Schematic illustration of surface-functionalized Ge NSs preparation.

3. 2 Materials and Methods
3. 2. 1 Materials

All reagents were purchased from Sigma-Aldrich and used without further
purification unless otherwise stated. All solvents, except acetone, were dried using an
Innovative Technology, Inc. Grubbs-type solvent purification system. Acetone was
dried over molecular sieves (3 A), degassed via three freeze-pump-thaw cycles using
an argon-charged double manifold. All solvents and liquid reagents were degassed via
three freeze-pump-thaw cycles using an argon-charged double manifold and stored in
a MBraun glove box with nitrogen working gas. The synthesis of precursors CaGe;

and germanane flakes are described in Chapter 2.
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3. 2. 2 Radical-initiated Hydrogermylation

In a nitrogen-charged glove box, germanane flakes (5 mg) were transferred into a dry
5 mL Biotage® microwave tube. Dry degassed toluene (2 mL), AIBN (10 mg), and
I-dodecene (1 mL, 5 mmol) were added, and the tube was sealed. The reaction
mixture was ultrasonicated in a bath sonicator (Fisher Scientific FS30) for three
hours, after which it was heated to and maintained at 65 °C and stirred for 12 h. The
resulting red suspension was transferred to a PTFE centrifuge tube, methanol
(40 mL) was added, and the mixture was centrifuged (12,000 rpm for 10 min) to yield
a deep red pellet. The solid was redispersed in a minimal amount of toluene (2 mL).
Methanol (40 mL) was added, and the mixture was centrifuged (12,000 rpm for 10
min). This suspension/precipitation procedure was repeated twice, after which the

dodecyl-Ge NSs were freeze-dried from benzene and finally dispersed in toluene.

3. 2.3 Thermally-induced Hydrogermylation

In a nitrogen-charged glovebox, germanane flakes (5 mg) were transferred into a dry 5
mL Biotage® microwave tube, 1-dodecene (2 mL, 9 mmol) was added, and the tube
was sealed. Next, the reaction mixture was ultrasonicated in a bath sonicator (Fisher
Scientific FS30) for three h, after which it was heated to and maintained at 190 °C
for 12 h. On completion of the reaction, the dark brown mixture was transferred to
a PTFE centrifuge tube, methanol (40 mL) was added, and the mixture was
centrifuged (12,000 rpm for 10 min). The solid was redispersed in a minimal amount
of toluene (2 mL). Methanol (40 mL) was added, and the mixture was centrifuged
(12,000 rpm for 10 min). This suspension/precipitation procedure was repeated
twice, after which the dodecyl-Ge NSs were freeze-dried from benzene and finally

dispersed in toluene.
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3. 3 Material Characterization

3. 3.1 Fourier Transformed Infrared (FT-IR) Spectroscopy

FT-IR Spectra were acquired using a Thermo Nicolet Magna 750 IR Spectrometer.
Samples were prepared by drop- coating a toluene dispersion of the material of choice
onto an electronic- grade Si-wafer (N-type, 100 surface, 100 mm thickness, and 10

ohm-cm resistivity) and dried under anitrogen atmosphere.

3. 3.2 Transmission Electron Microscopy (TEM)

Bright-field transmission electron microscopy (TEM) images were acquired using a
Hitachi- 9500 or JEOL JEM-ARM200CF S/TEM electron microscope at accelerating
voltages of 300 kV or 200 kV, respectively. HRTEM images obtained from a
Hitachi-9500 were processed using Gatan Digital Micrograph software (Version
3.22.1461.0). HRTEM 1images were enhanced with commercial software
HREM-Filters Pro/Lite v.2.5.1 equipped in Gatan Digital Micrograph. The
CrystalKitX was employed for the selected area electron diffraction (SEAD) pattern
simulation. The crystallographic data using for the simulation is from Cultrara et al. 2?8
TEM samples were prepared by depositing a drop of GeNS suspensions in toluene onto
a holey/lacey carbon-coated copper grid (Electron Microscopy Inc.)The grid was kept

in a vacuum chamber for at least 24 h prior to data collection.

3. 3. 3 Atomic Force Microscopy (AFM)

AFM was performed using a Bruker Dimension Edge™ system with NanoDrive
version 8.02 software. The tapping mode cantilever was purchased from Bruker
(Resonance frequency: 300 kHz, force constant 42 N/m). Thin films of Ge NSs

(5 mg of exfoliated sheets in 2 mL of toluene) were spin coated (90 s, 1000 rpm) onto

56



a Si (111) wafer substrate that had been cleaned using a standard Piranha protocol.

3. 3. 4 X-ray Photoelectron Spectroscopy (XPS)

XPS was performed using a Kratos Axis Ultra instrument operating in energy
spectrum mode at 210 W. Samples were prepared by depositing a suspension of the
material of choice onto a copper foil substrate, followed by drying in air. Prior to the
analysis, the Ge (111) wafer reference was cleaned by immersing in 30% v/v H>0, for
90 s, followed by 10 min etching in 10% v/v HF. The base and operating chamber
pressure were maintained at 10”7 Pa. A monochromatic Al K source (A = 8.34A) was
used to irradiate the samples, and the spectra were obtained with an electron take-off
angle of 90°. CasaXPS software (VAMAS) was used to interpret high-resolution
spectra. All spectra were calibrated internally to the Cls emission (284.8 eV). After
calibration, a Shirley-type background was applied to remove most of the extrinsic

loss of structure.

3. 3. 5 Thermogravimetric Analysis (TGA)
TGA was performed using a Mettler Toledo Star TGA/DSC system. The sample was
placed in a Pt pan and heated under a nitrogen atmosphere from 35 to 700 °C at a rate

of 10 °C/min.

3. 3. 6 Powder X-ray Diffraction (XRD)

PXRD data were collected using an Inel MPD MultiPurpose Diffractometer equipped
with a CPS 120 curved position sensitive X-ray detector and Cu Ka (8.047 KeV
energy) source or Stoe STADI P diffractometer equipped with a Ge(111)
monochromator for Cu Ka radiation (A = 1.54056 A) and a Dectris MYTHEN DCS
1K solid-state detector. The CaGe, was ground in an agate mortar and filled into

0.3 mm glass capillaries and sealed. The sample was measured within a 26-range of
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5-87.5° (PSD steps, 1.5°; time/step,15 s). The H-Ge powders were deposited on an

amorphous silica holder.

3. 3. 7 Diffuse Reflective Absorption (DRA)
Diffuse reflective analysis was performed using a Cary 5000 UV-Vis-NIR, with a
diffuse reflectance integrating sphere attachment. The detector and grading filter

were changed at 900 nm.

3. 3. 8 Raman Spectroscopy

Raman spectroscopy was performed using a Renishaw inVia Raman microscope
equipped with a 643 nm laser operating at a power of 3.98 mW on the sample.
Samples were prepared by mounting the suspension on 100 nm thick gold-coated

glass.

3. 4 Results and Discussion

Azobisisobutyronitrile (AIBN) radical-initiated hydrogermylation has been exploited
previously for the derivatization of hydride-terminated germanium nanocrystals;'® in
this context, similar conditions were applied here to the functionalization of
exfoliated H-Ge NSs. AIBN activated surface modification of H-Ge NSs with
I-dodecene in degassed toluene heated to 60 °C was completed after 12 h. At these
temperatures, no obvious surface modification was observed when the reaction
mixture is heated in the absence of AIBN (i.e., there is no thermal activation of
hydrogermylation). Thermally-induced hydrogermylation also has been demonstrated
for Ge surfaces and nanosystems.*®1?4126 Here, we extend this approach to the
alkyl-termination of H-Ge NSs upon heating exfoliated germanane flakes in neat
I-dodecene to 190 °C in an inert atmosphere. This procedure caused the initially deep

red suspension to turn brown-gray after 2 h (Figure 3.2).
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Figure 3.2. Photographs of dodecyl-Ge NSs at the indicated sonication time prepared by (a) thermally

induced method and (b) radical-initiated method.

Sonochemical exfoliation renders materials with a broad size distribution,
which can be narrowed through preferential precipitation at different centrifugation
speeds. As shown in Figure 3.3, after functionalization, non-fully exfoliated flakes
precipitate down immediately, and the remaining suspension can be separated into
“big” and ‘“‘small” nanosheets at low (3,000 rpm) and high speed (12,000 rpm)
centrifugation, respectively. From SEM images, both "small" and "big" size

nanosheets have a layered morphology with the layers distinguishable.
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Figure 3.3. Photography and SEM images of hydrogermylation reaction purification at different stages.

The suspensions are diluted for display purpose.

3. 4. 1 Structural Characterization

After surface functionalization, the Ge NSs lose their long-range order due to their
freestanding nature in solution. Instead, select area electron diffraction (SAED)
patterns were obtained from dodecyl-Ge NSs prepared via radical-initiated
hydrogermylation (Figure 3.4). It can be indexed readily to a simple hexagonal unit
cell with @ = 3.98 A and calculated d-spacings of 0.344 and 0.198 nm for the (1010)
and (1120) planes, respectively, assuming a [0001] zone axis. These data are
consistent with reports of hydride- and methyl-terminated nanosheets.?’” We also note
a stronger diffraction intensity for the inner (1010) plane when compared to that of
the outer (1120) plane (see Figures 3.4a and c); this observation differs from the
prediction of the dynamically simulated electron diffraction for AB- and ABC-type
germanane stacking (Figure 3.5) performed using available 2H or 6R germanane cell

parameters, respectively.??8

However, the experimental diffraction intensities we
observe mirror those of mechanically exfoliated germanane monolayers” as well as

graphene structures (e.g., graphene, fluorographene).?4%-2>°
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Figure 3.4. Selected electron diffraction patterns of dodecyl- Ge NSs (AIBN method) along the [0001]

zone (a,b), line profile (c,d), and corresponding models (e,f): fully (left) and partially exfoliated
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Figure 3.5. Electron diffraction pattern simulation results for non-fully exfoliated Ge NSs using a) 2H

and b) 6R unit cell parameters. The diffraction patterns shown in the red boxes are enlarged by

changing the camera height during the simulation.
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In contrast, a line profile analysis of the SAED of partially exfoliated Ge NSs
(i.e., multilayer structures) prepared using radical-initiated hydrogermylation (Figures
3.4b and d) show a diffraction intensity profile that is in good agreement with
simulated AB stacking; of important note, while we can conclude that these
assemblies are not monolayers, we cannot discount the possibility of these multilayer
structures being a mixture of AB and ABC stacking.

Bright-field transmission (TEM) electron microscopy imaging of the present
dodecyl-terminated Ge NSs indicates that they are randomly shaped thin sheets. For
Ge NSs prepared via thermally-induced functionalization, lattice fringes were
measured directly using high-resolution TEM (Figure 3.6). It is important to note that
the long-chain alkyl groups on the GeNS surfaces can occlude high-resolution
imaging and lead to blurring of lattice fringes; this is not the case for graphene, where
no pendant surface groups are present. Consistent with the present SAED for
dodecyl-terminated Ge NSs prepared using radical-induced reactions, the HRTEM
analyses afforded lattice spacings of 0.34 nm for (1010) planes when evaluating the
edges of the GeNS assemblies, showing distinct contrast compared to the surrounding
vacuum (Figure 3.6f). Further supporting the conclusion that freestanding Ge NSs
were prepared using the present methods, we note incremental increases in thickness
contrast in TEM imaging and the same lattice structure away from NS edges (Figure
3.6g). Unfortunately, direct imaging of the lattice fringes in some stacks is not
possible. Presumably, visualization is precluded by the presence of long alkyl chains
that separate the layers by ~6 nm (AFM analysis). In some cases, we observe lattice
fringes for the thermally modified NSs that do not correspond to the (1010) spacing
(Figures 3.6d and e). Evaluation of these regions shows a d-spacing of 0.20 nm that
can correspond to the (1120) plane of isolated and/or stacked nanosheets (Figure 3.6);

this is similar to what has been reported for graphene and multilayer silicenes.?0>2!
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Figure 3.6. Top: (a) Brightfield TEM and models for Ge nanosheet stacking; Middle: (b-e) magnified
regions of the HRTEM images, shown in (f-i), respectively; Bottom: HRTEM images of thermally
modified dodecyl-terminated Ge NSs measured at different locations; f) edge of Ge NSs; g) center of
Ge NSs; h, j) partially stacked Ge NSs.

It is difficult to separate the contributions of isolated and stacked nanosheets
to this observation, and multilayers cannot be discounted. However, SAED modelling
and data indicate that detection of the (1120) reflection is more likely in multilayer
assemblies. In addition, we expect that for cases where NS stacking is observed,
visualization of lattice planes in the HRTEM suggests that there is a limited
separation between Ge layers. We propose that in these isolated regions, the Ge NSs
have linked together through Ge—Ge bonds arising from dehydrocoupling reactions.
This proposal is supported further by reports of dehydrogenation reactions taking
place at elevated temperatures (190 °C).”° This reactivity is described in Chapter 4.

Atomic force microscopy (AFM) shows the thicknesses of the sheets prepared
using radical-initiated hydrogermylation to be 4.5 nm (Figure 3.7); this is comparable

to surface-modified silicane NSs!°®23° and substantially thicker (i.e., ~8x) than
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hydride-terminated Ge NSs reported elsewhere.”” On the contrary, for Ge NSs
prepared via thermally-induced functionalization, the measured layer thickness is
ca. 6 nm, suggesting that the sheets might not be covered by a monolayer of ligand

but oligomers. The details are discussed in Section 3. 4. 3.
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Figure 3.7. AFM imaging (top) and height profiles (bottom) of dodecyl-terminated Ge NSs deposited
on clean silicon (111) substrates obtained using (a) radical-initiated and (b) thermally-induced

methods.

3. 4. 2 Compositional Characterization

Consistent with alkyl derivatization, the FTIR spectrum (Figure 3.8) of the
dodecyl-functionalized NSs (i.e., dodecyl-Ge NSs) shows the concomitant
appearance of V(C—H)asym features at 2852 ¢cm™' and loss of v(Ge—H) at 2001 c¢cm™!
and v(C=C) at 3078 cm'.'"® We also note that the adsorbed water v(O—H) feature at
3400 cm™! in the spectrum of germanane is diminished substantially in the spectrum
of dodecyl-Ge NSs. We propose that this is because the outer layers of the Ge-H
flakes are oxidized and are removed during purification due to their limited
compatibility with non-polar media. The FTIR spectra of the recovered product are

similar to those of functionalized Ge NSs prepared using radical-initiated reactions.
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Figure 3.8. FTIR spectra of (a) germanane, (b) neat 1-dodecene, dodeceyl-terminated Ge NSs
prepared by (c) thermally-induced hydrogermylation, and (d) radical-initiated hydrogermylation.

Comparing the Raman spectra of crystalline germanane and dodecyl
functionalized GeNS prepared using thermal- and radical-initiated methods provides

insight into the functionalization processes (Figure 3.9).
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Figure 3.9. Raman spectra of (a) germanane, and dodeceyl-terminated Ge NSs prepared by (b)

thermally-induced hydrogermylation, and (c) radical-initiated hydrogermylation.

The combination of the introduction of dodecyl groups to the GeNS surfaces and the
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corresponding loss of the underlying structural support of the germanane flake
assembly may be expected to introduce tensile strain into the bonding network of the
individual Ge NSs; this results in further broadening of the Ge—Ge optical phonon.
Similar observations (i.e., Raman shift broadening) have been noted for MoS and
WS systems.?3?

Survey XP spectra were measured for functionalized for Ge NSs prepared by
both hydrogermylation methods and have been used to compare with that of
germanane flakes (Figure 3.10). All three spectra indicate the presence of Ge and
trace O, while the functionalized NSs show a high C 1s emission compared to

germanane, suggesting the materials are carbon-rich. Small Cu emissions are

collected because these solutions were drop-cast on a clean Cu substrate.
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Figure 3.10. Survey X-ray photoelectron spectra of (a) germanane, dodeceyl-terminated Ge NSs

prepared by (b) thermally-induced hydrogermylation, and (c) radical-initiated hydrogermylation.
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High-resolution XP spectra of germanane flakes as well as dodecyl-terminated
Ge NSs prepared by both methods were obtained (Figure 3.11). All spectra were
calibrated to adventitious carbon at a binding energy (BE) of 284.8 e¢V.?** The binding
energy (BE) of the Ge 3ds,, feature in the spectrum of dodecyl-Ge NSs prepared using
radical-initiated reactions appears at 29.7 eV; this feature appears at similar energy to
that observed for germanane flakes (29.8 eV) and slightly higher energy than that of
the Ge standard (29.4 eV). We attribute this shift to the influence of hydrogen and
carbon that are bonded to the GeNS surfaces. There are also high energy shoulders on
the Ge spectral features of the dodecyl-Ge NSs that we have fitted to Ge>* (31.2 eV)

and Ge*" (32.4 €V) and attribute to GeO, arising from trace oxidation.*$243

Ge-0, Ge-O Ge—-Ge

1 1 r T J — T ]
[(a) \
] /Hf
el SV
Lv: (b) CioHa21 ol _.
2 /&
=
@ [ asn /\
P ‘h5¥
‘9 :
E 10H21 &
'_ Thermal /\
" ‘u ‘. 1
35 34 33 32 28

Binding Energy (eV)

Figure 3.11. High resolution XP spectra of the Ge 3d spectra region of (a) germanane, and
dodecyl-terminated Ge NSs prepared by (b) thermally-induced hydrogermylation, and (c)
radical-initiated hydrogermylation. The deconvolution of each oxidation state has been fitted to the Ge

3ds2 and 3ds2 spin-orbit pairs in the same colour set.
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3. 4. 3 Surface Coverage Estimation
The C 1s and Ge 3d regions of the high-resolution XP spectra of the present

dodecyl-Ge NSs were evaluated to estimate the fractional dodecyl monolayer
coverage resulting from hydrogermylation reactions. For a monolayer passivated flat
surface (i.e. Si wafer), the thickness of the carbon overlayer can be calculated using

the overlayer model described in the literature: 33233254

—dq, /(Ag,c08
—d /(Ag.c08 .
]Ge SFOV Poy g o Facen?)

where [ is the peak intensity, p is the atomic volume density, SF' is the sensitivity

factor, dov is the overlayer thickness, A is the photoelectron escape length, and 9 is the
photoelectron take-off angle determined by the surface orientation relative to the
analyzer. The subscript Ov signifies an overlayer component; the subscript Ge
signifies a Ge component. The take-off angle (8) is 0° for this work, and atomic
volume density is assumed identical where each Ge atom is bonded to one alkyl chain

and three other Ge atoms, giving Equation 3.2:

~“ov /‘L()v
—do /A .
IGe SFOV e o

We have applied a ligand-sheet-ligand model of the functionalized GeNS, in

which both sides (top and bottom) are functionalized (Figure 3.12).

dec |22 2 2.
dGe :: E; ? 1 & Q Q Q Q

Figure 3.12. An illustration of ligand-sheet-ligand model.
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For these structures, photoelectrons generated from the dodecyl ligands bonded to
both nanosheet surfaces and the GeNS itself can be used to estimate the fractional
coverage. This approach relies on the following assumptions: 1) the dodecyl-Ge NSs
are deposited uniformly on the XPS substrate, 2) carbon appearing in the XP
spectrum arises only from the dodecyl functionalities (i.e., there is negligible
adventitious carbon) and all emission intensity at 284.8 eV arises from surface
tethered dodecyl ligands, 3) the number of edge-bonded ligands is negligible, and 4)
each Ge atom is bonded to three other Ge atoms and one alkyl chain (i.e., same
atomic volume density).

This model describes a nanosheet that is bonded covalently to two overlayers
at both sides, where the thickness of each carbon overlayer can be determined using

Equation 3.3:

[IC_C ]L SFGe ] ) (1 — g declhec )(1 + ef(dcfc"'d(}e)/lcfc) .

I, )\ SF. . (1 _ ¢ el )(e—dcfcmce )
Ac

Ge
In Equation 3.3, (1— e “<*c) describes the signal generated in the dc.c layer,

(1+e_(df*‘+dﬁe)/ *ec) describes the signal collected from the di(n = 1) and d, layers,

while ( 1— e %% describes the signal generated from the dg. layer, and (e ‘<)

describes the signal collected from d> layer. While Equation 3.3 describes the
relationship between carbon and germanium intensities collected from a single Ge
NSs (n = 1), the thickness of the dodecyl-terminated Ge NSs was determined to be
4.4 nm using tapping mode AFM; in this context, the majority (>99%) of the
photoelectrons detected originated from the top three GeNS layers (n = 3). The
thickness of the dodecyl ligands bonded to the Ge NSs can be estimated using the

following equation:
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where: Ic-c and Ig. are the integrated intensities of the photoemission peaks from
surface tethered alkyl functionalities and Ge NSs, respectively; SFc-c and SFge are
the instrument sensitivity factors for the C 1s (0.278) and Ge 3d (0.536)
photoemission signals, respectively; dc-c and dce are the thicknesses of the ligand and
Ge layers, respectively;>>* Ac-c and Ace are the attenuation lengths of C 1s (3.6 nm)
and Ge 3d photoelectrons (2.9 nm),?> respectively.

We performed a series of iterative calculations using Equation 3.4. For these
calculations, the number of dodecyl-GeNS (n) layers was defined as n = 10 to ensure
that the maximum photoemission intensity was considered. The relationship between
monolayer coverage, obtained by dividing dc-c by the fully extended chain length of
1-dodecane (1.8 nm), and dg. was plotted (Figure 3.13).'®> The thickness of each Ge
layer was defined as 0.6 nm. Based upon this model, the ligand coverage on
dodecyl-Ge NSs prepared via radical initiated reactions was determined to be 0.55
ML (at dge = 0.6 nm). This is in excellent agreement with accepted literature values
(i.e., 0.5 ML) for the substitution limit for long-chain alkyl groups on flat Ge/Si (111)
surfaces!>%133256257 and lower than that for Ge nanoparticles (0.62 ML), for which
surface curvature is expected to play a role.!® For dodecyl-functionalized Ge NSs
using thermally-induced hydrogermylation reactions, the coverage (1.03 ML) was
found to be more than double the accepted limit on flat Ge (111). This is comparable
with  observations for thermally-induced hydrosilylation on Si (111)
surfaces.!?7:153:254.258.259 Alkyl chain propagation also has been reported for silyl

radicals in the case of thermal hydrosilylation on the Si NP surface.'”! AFM analysis
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of these Ge NSs sheets shows that they are substantially thicker than NSs modified
using radial-initiated reactions. These observations suggest that the thermally
modified dodecyl-Ge NSs may be covered by oligomers. The oligomerization of
unsaturated ligands can result in even higher surface coverage on curved Ge

nanoparticle surfaces when conditions similar to those described here are employed.?®
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Figure 3.13. (a) Ideal model for dodecyl-terminated Ge NSs (n = 1). (b) Calculated fractional
monolayer ligand coverage determined using Equation 1 for indicated Ge layer thicknesses of dae
using XPS, for dodecyl-terminated Ge NSs prepared from thermal (black) and AIBN initiated (red)
hydrogermylation.

3. 4. 4 Optical Bandgap and Thermal Stability

The introduction of functionalization induced tensile strain in the GeNS structure is
evidenced further by a shift in the optical band gap determined using diffuse
reflectance absorption (DRA; Figure 3.14). We note that the band gap narrows
moving from germanane (1.7 eV) to radical prepared dodecyl-Ge NSs (1.5 eV) to
thermally prepared dodecyl-GeNS (1.1 eV). Previous reports of Ge NSs suggest
longer bonded alkyl surface groups induce greater tensile strain, leading to band gap
narrowing.*?!? This is consistent with our observations (vide infra, AFM, XPS, TGA)

that Ge NSs functionalized via radical-initiated reactions bear molecular monolayers,
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while those modified using thermal methods possess surface bonded oligomers.
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Figure 3.14. Diffuse reflectance spectroscopy of germanane flakes (black), radical-induced

functionalized (red), and thermally-induced functionalized (blue) dodecyl-Ge NSs.

The thermal stability of dodecyl-GeNS was investigated using
thermogravimetric analysis (TGA). Evaluation of germanane (Figure 3.15) shows two
mass loss events that previously have been attributed to dehydrogenation at 190 °C
and chlorine-loss starting from 300-350 °C.”° In contrast, dodecyl-Ge NSs show no
detectable mass loss associated with hydrogen release; this is consistent with the
presented surface functionalization. The loss of the dodecyl functionalities resulting
from cleavage of Ge—C surface bonds on Ge NSs begins spanning the 365 to 470 °C
and at 475 °C for samples prepared via radical- and thermally activated
hydrogermylation, respectively. While the origin of the different thermal responses of
the dodecyl-Ge NSs is the subject of the ongoing investigation, it could be attributed
to differences in their surface chemistry noted in the AFM and XPS analyses outlined

above.
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Figure 3.15. Thermogravimetric analysis (TGA) (top, left axis) and Derivative Thermogravimetric
(DTG) (bottom, right axis) of Ge NSs functionalized through AIBN (black) and thermal-induced (red)
methods, respectively. The TGA profile of H-terminated GeNS is provided for comparison (blue).

3. 4. 5 Exfoliation Efficiency

The efficiency of sonochemical exfoliation is investigated by treating the reaction
mixture at different sonication times, in toluene or neat 1-dodecene, and heated at a
target temperature and time. Aside from the colour change observed in the optical
photos (Figure 3.3), TGA results of these NSs also indicate the importance of the
sonication time and purification process (Figure 3.16). When the nanosheets are not
fully exfoliated, the ligand, such as 1-dodecene, is too bulky to diffuse into the
(GeeHe), layers, which is consistent with topotactic deintercalation of CaGe, with
bulkier organoiodines.?!® As a result, a low %mass drop was observed in cases with

short sonication time.
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Figure 3.16. TGA of dodecyl-Ge NSs at the indicated sonication time prepared by (a) thermally

induced method and (b) radical-initiated method.

Additionally, the diffuse limit of bulk ligand was confirmed directly by an
electron energy loss spectrum (EELS) line scan across the few-layer Ge NSs that have

been surface modified with 1-dodecene (Figure 3.17).
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Figure 3.17. Electron energy loss spectrum line scan of dodecyl-functionalized few-layer Ge NSs.
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Compared to the vacuum background, the Ge NSs show large electron counts, with
energy loss corresponding to the carbon K line, where the value maximizes at close to
the edges of sheets (ca. 15 nm). This observation strongly suggests the success of the

hydrogermylation reaction and confirmed the importance of layer exfoliation.

3.5 Summary and Outlook

In conclusion, radical-initiated and thermally-induced hydrogermylation reactions
were employed to modify hydride-terminated Ge NSs. Both hydrogermylation
reactions are rapid and afford surface modification. Radical initiated reactions provide
monolayer coverage, while thermally activated processes lead to surface
oligomerization. As a result, functionalized nanosheets exhibited thicknesses of ~4.5
to 5.5 nm depending upon the functionalization method employed. In all cases, the
Ge atoms are arranged in a buckled simple hexagonal unit cell. In addition, the band
gap of the GeNS decreases with surface functionalization and the surface group chain
length (i.e., surface group oligomerization). Finally, the thermal stability of
functionalized GeNS was increased to 470 °C, which is expected to facilitate ready

processing (e.g., blending and extrusion) with functional polymers.
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Chapter 4

Germanium Nanosheets Surface Functionalization:

Dehydrocoupling Reactions

4.1 Ge-Si Bond Formation

A key parameter that can impact nanomaterial properties dramatically is surface
functionality;'?® it influences material stability and processability, while
simultaneously providing a convenient approach for tailoring optical and electronic
response. We?® and others?07:208210260  have reported surface modification of
germanane nanosheets (Ge NSs). However, these studies have been limited largely to
cases in which surface groups are tethered through covalent Ge—C bonds.
Dehydrogenative coupling (DHC; Equation 4.1) reactions have been applied
widely in organic syntheses as well as in materials chemistry.!80:125,165.261-263
Transition-metal-promoted DHC has been demonstrated for organosilanes as well as
Si-based materials (e.g., nanoparticles, bulk surfaces),'>>'80 and catalyst-free
thermally-induced DHC involving Si-based systems also has been reported.!®> In

contrast, reports of DHC reactions involving Ge-based materials remain largely

unknown.
=Ge-H+ =Si—H- =Ge-Si= + H, 4.1)

Herein, we report a study into using thermally-induced DHC reactions to

modify GeNS surfaces (Figure 4.1) and demonstrate that these reactions afford

" Portions of this Chapter have been reproduced and/or adapted from the following publication: Yu, H.; Thiessen A. N.; Hossain,
M. A.; Kloberg, J. M; Rieger, B.; Veinot, G. C. J. Thermally-Induced Dehydrogenative Coupling of Organosilanes and

H-terminated Silicon Quantum Dots onto Germanane Surfaces. Chemistry of Materials. 2020, 32 (11), 4536-4543.

76



convenient attachment of organosilanes, as well as other Si—-H bonds containing

nanomaterials (e.g., nanoparticles).
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Figure 4.1. (a) Heteronuclear dehydrocoupling of organosilanes on the surfaces of germanane
nanosheets. (b) Possible surface bonding modes of attachment of primary (left) and tertiary

alkylsilanes. (¢) Heteronuclear dehydrocoupling of H-SiQDs on the surfaces of germanane nanosheets.

4. 2 Materials and Methods
4. 2. 1 Materials

All reagents were purchased from Sigma-Aldrich and Gelest Inc and used without
further purification, unless otherwise stated. All solvents were dried using an
Innovative Technology, Inc. Grubbs-type solvent purification system. CaGe. and

HGe-flakes were synthesized with the same methods as in the Chapter 2.
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4. 2. 2 Dehydrocoupling Between Organosilanes and H-GeNSs

In a nitrogen-filled glove box, HGe-flakes (5 mg, 0.06 mmol Ge-H groups) were
transferred into a dry 5 mL Biotage® microwave tube. Dry degassed toluene (5 mL)
and silanes (0.8 mmol) were added, and the tube was sealed. Subsequently, the
reaction mixture was ultrasonicated in a bath sonicator (Fisher Scientific FS30) for 3
h, after which it was heated to and maintained at 100 °C and stirred for 48 h. The
resulting red suspension was transferred to a PTFE centrifuge tube, methanol (40 mL)
was added, and the mixture was centrifuged (12,000 rpm for 10 min) to yield a deep
red pellet. The solid was redispersed in 2 mL of toluene. Methanol (40 mL) was
added, and the mixture was centrifuged (12,000 rpm for 10 min). This
suspension/precipitation procedure was repeated twice, after which the silane-Ge NSs

were freeze-dried from benzene and finally dispersed in toluene.

4. 2. 3 Synthesis of 3-nm Si QDs in SiOQ; Matrix Composite

The synthesis of hydride-terminated silicon quantum dots (Si QDs) was followed by
the method developed in the Veinot lab. In a typical synthesis, hydrogen
silsesquioxane (ca. 4 g) was placed in a quartz reaction boat, transferred to a Lindberg
Blue tube furnace, and heated from ambient to a peak processing temperature of
1100 °C at 18 °C min™' in a slightly reducing atmosphere (5% H2/95% Ar). The
sample was maintained at the peak processing temperature for 1 h. Upon cooling to
room temperature, the resulting amber solid was ground into a fine brown powder
using a two-step process. First, the solid was crushed using an agate mortar and pestle
to remove large particles. Further grinding was achieved using a Burrell wrist-action
shaker upon shaking with high-purity silica beads for 5 h. The resulting SiQD/SiO»

composite powders were liberated from the SiQD/Si0, composites using HF etching.
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4. 2. 4 Synthesis of 8-nm Si QDs in SiOQ; Matrix Composite

The synthesis of hydride-terminated silicon quantum dots (Si QDs) was followed by
the method developed in the Veinot lab. In a typical synthesis, hydrogen
silsesquioxane (ca. 4 g) was placed in a quartz reaction boat, transferred to a Lindberg
Blue tube furnace, and heated from ambient to a peak processing temperature of
1200 °C at 20 °C min™! in a slightly reducing atmosphere (5% H2/95% Ar). The
sample was maintained at the peak processing temperature for 1 h. Upon cooling to
room temperature, the resulting amber solid was ground into a fine brown powder
using a two-step process. First, the solid was crushed using an agate mortar and pestle
to remove large particles. Further grinding was achieved using a Burrell wrist-action
shaker upon shaking with high-purity silica beads for 5 h. The resulting SiQD/SiO»

composite powders were liberated from the SiQD/Si0, composites using HF etching.

4. 2. 5 Synthesis of 64-nm Si QDs in SiO; Matrix Composite

The synthesis of hydride-terminated silicon quantum dots (Si QDs) was followed by
the method developed in the Veinot lab. In a typical synthesis, hydrogen
silsesquioxane (ca. 4 g) was placed in a quartz reaction boat, transferred to a Lindberg
Blue tube furnace, and heated from ambient to a peak processing temperature of
1500 °C at 25 °C min! in a slightly reducing atmosphere (5% H2/95% Ar). The
sample was maintained at the peak processing temperature for 1 h. Upon cooling to
room temperature, the resulting amber solid was ground into a fine brown powder
using a two-step process. First, the solid was crushed using an agate mortar and pestle
to remove large particles. Further grinding was achieved using a Burrell wrist-action
shaker upon shaking with high-purity silica beads for 5 h. The resulting SiQD/SiO»

composite powders were liberated from the SiQD/Si0, composites using HF etching.
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4. 2. 6 Synthesis of Hydride-terminated Si QDs

First, 0.2 g of the ground SiQD/Si0, composite was transferred to a PTFE beaker
equipped with a Teflon-coated stir bar. Then, ethanol (3 mL) and water (3 mL) were
added under mechanical stirring to form a brown suspension, followed by 3 mL of 49 %
HF aqueous solution. (Caution! HF must be handled with extreme care.) After
etching for 1 h in subdued light, the suspension appeared orange/yellow.
Subsequently, hydride-terminated Si QDs were extracted from the aqueous layer into
ca. 30 mL of toluene by multiple (i.e., 3 x 10 mL) extractions. The SiQD toluene
suspension was transferred to test tubes, and the Si QDs were isolated by
centrifugation at 3000 rpm. The resulting Si QDs were freeze-dried from benzene and

stored in a nitrogen-filled glove box for future functionalization.

4. 2.7 Dehydrocoupling of Si QDs and H-Ge NSs

In a nitrogen-charged glove box, HGe-flakes (10 mg, 0.12 mmol Ge-H) were
transferred into a dry 25 mL Biotage® microwave tube. Dry degassed toluene
(10 mL), and Si QDs (50 mg, 0.45 mmol Si-H) were added, and the tube was sealed.
Next, the reaction mixture was ultrasonicated in a bath sonicator (Fisher Scientific
FS30) for 3 h, after which it was heated to and maintained at 80 °C (Sample 1) and
70 °C (Sample 2), respectively, and stirred for 15 h. Afterwards, 1-dodecene (2 mL,
9.0 mmol) was added by syringe, and the reaction mixture was heated and stirred at
130 °C for 15 h. The resulting yellow-brown suspension was transferred to a PTFE
centrifuge tube, toluene (40 mL) was added, and the mixture was centrifuged (5,000
rpm for 30 min) to yield a deep brown pellet. The solid was redispersed in toluene (40
mL). This suspension/precipitation procedure was repeated twice, after which the
dodecyl protected Si QDs/Ge NSs hybrids were freeze-dried from benzene and finally

dispersed in toluene.
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4. 3 Material Characterization

4. 3. 1 Fourier Transformed Infrared (FT-IR) Spectroscopy

FT-IR Spectra were acquired using a Thermo Nicolet Magna 750 IR Spectrometer.
Samples were prepared by drop coating a toluene dispersion of the material of choice
onto an electronic- grade Si-wafer (N-type, 100 surface, 100 mm thickness and 10

ohm-cm resistivity) and dried under anitrogen atmosphere.

4. 3. 2 Electron Microscopy (TEM)
Bright-field transmission electron microscopy (TEM) images were taken with a JEOL
JEM-ARM200CF S/TEM electron microscope at an accelerating voltage of 200 kV.
The HRTEM images were processed using Gatan Digital Micrograph software
(Version 2.02.800.0). TEM samples were prepared by depositing a droplet of diluted
functionalized Ge NSs suspensions in toluene onto a holey/lacey carbon-coated copper
grid (obtained from Electron Microscopy Inc.). The grid was kept in a vacuum chamber
for at least 24 h prior to data collection.

Scanning electron microscopy (SEM) images were obtained from Zeiss Sigma
300 VP-FESEM (equipped with a Bruker energy dispersive X-ray spectroscope) at an
accelerating voltage of 20 kV. SEM samples were prepared by depositing a droplet of
concentrated functionalized Ge NSs suspensions (ca. 1 mg/mL) in toluene onto an
aluminum stub. For GeH flakes and thick samples, powders of samples were coated on
conductive double side tape supported by an aluminum stub. Non-conductive samples

were coated further with graphite using a thermal evaporator.

4. 3. 3 X-ray Photoelectron Spectroscopy (XPS)
XPS was performed using a Kratos Axis Ultra instrument operating in energy

spectrum mode at 210 W. Samples were prepared by depositing a suspension of the
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material of choice onto a copper foil substrate, followed by drying in air. Prior to
analysis, the Ge (111) wafer reference was cleaned by immersing in 30% v/v H>0, for
90 s, followed by 10 min etching in 10% v/v HF. The base and operating chamber
pressure were maintained at 10”7 Pa. A monochromatic Al K source (A = 8.34A) was
used to irradiate the samples, and the spectra were obtained with an electron take-off
angle of 90°. CasaXPS software (VAMAS) was used to interpret high-resolution
spectra. All spectra were calibrated internally to the Cls emission (284.8 eV). After
calibration, a Shirley-type background was applied to remove most of the extrinsic

loss structure.

4. 3. 4 Diffuse Reflective Analysis
Diffuse reflective analysis was performed using a Cary 5000 UV-Vis-NIR, with a
diffuse reflectance integrating sphere attachment. The detector and grading filter

were changed at 900 nm.

4. 3. 5 Raman Spectroscopy

Raman spectroscopy was performed using a Renishaw inVia Raman microscope
equipped with a 643 nm laser operating at a power of 3.98 mW on the sample.
Samples were prepared by mounting the suspension on 100 nm thick gold-coated

glass.

4. 4 Results and Discussion

4. 4.1 Organosilane Functionalized Germanium Nanosheets
Germanane flakes (HGe-flakes) used throughout the presented investigation were
prepared as described in Chapter 2.2% Briefly, CaGe, was synthesized via arc melting

of a stoichiometric mixture of the constituent metals (i.e., Ca and Ge). Then, it was
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exposed to concentrated HCI at —30 °C for one week to deintercalate Ca®* ions. The
resulting HGe-flakes were exfoliated with 3 h sonication to yield freestanding
H-GeNSs and maximize the accessibility of their surfaces. Subsequently, an excess of
the Si-H bearing reagent of choice was added, and the resulting deep red suspension
was mixed thoroughly and heated to 100 °C in a nitrogen atmosphere for 48 h. These
conditions were chosen, based upon prescreening (Figure 4.2) of products prepared at
defined reaction temperatures and times for characteristic functional groups (e.g.,

Ge—H, Si—H, Si—O0—Si, etc.).

O-H(v) C-H{v) Si-H(v) Ge-H(v) Si-O(v) Ge-H(5;
T T T

L b) 120 °C
| "48h

[ ¢) 100°C
48h

Intensity(a.u.)

[ No ligand
T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 4.2. FTIR spectra of products obtained from indicated reaction conditions between
octadecylsilane and germanane nanosheets. Products of reactions performed at 100 °C or 120 °C (blue
and magenta traces, respectively) show a diminished Ge-H feature (ca. 2000 cm™'), consistent with
effective surface functionalization after 48 h. Reaction products obtained from higher reaction
temperatures and shorter reaction times (150 °C, 15 h; green trace) did not provide effective
functionalization, as evidenced by the presence of features arising from oxygen-containing species.
Reactions performed at lower temperatures for longer times (i.e., 65 °C, 60 h; red trace) provide
materials exhibiting intense Si-O-Si stretching and Ge-H features consistent with a mixture of oxidized

silanes with non-functionalized GeH NSs.
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The organo-functionalized R-Ge NSs remain suspended in toluene for weeks
and resist oxidation in wet ethanol for days, as evidenced by its characteristic red
colour. This is consistent with functionalization and in direct contrast to the behaviour
exhibited by H-GeNSs that settle from suspension rapidly.

FTIR spectroscopy provides insight into GeNS surface chemistry. Spectra of
all functionalized NSs investigated here show the expected features associated with
the target surface groups (Figure 4.3). Further supporting functionalization, we note
that residual Ge—H features at ca. 830 and 2001 cm’! in functionalized systems are
diminished in intensity when compared to equivalent spectral features of the parent
H-Ge flakes. Features associated with O—H stretching and bending at ca. 3420 and
1633 cm!, respectively, that are manifested in the H-Ge flakes spectrum also are

diminished dramatically following the reaction, consistent with functionalization.?*?
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Figure 4.3. FTIR spectra of (a) H-Ge flakes, (b-e) neat organosilanes (red) and organosilane-
terminated Ge NSs (in black); the silanes are (b) octadecylsilane, (c) dimethyloctadecylsilane, (d)
trioctylsilane and (e) (tridecafluoro-1,1,2,2-tetrahydrooctyl)silane.
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This is in agreement with the present functionalized Ge NSs possessing very limited
amounts of surface oxidation (See XPS; vide infra) and in direct contrast to what has
been reported previously for DHC modified porous-Si surfaces. !

Closer inspection of the IR spectra of dimethyloctadecylsilane and
trioctylsilane modified Ge NSs provides additional insight into the surface structure.
Upon reacting with H-GeNSs, all Si—H associated spectral features from these silanes
possess a single Si—H bond disappear. In addition, the characteristic v(Si—CHz3)
observed at 1249 c¢cm™ in the spectrum of neat dimethyloctadecylsilane splits into
three peaks after GeNS surface attachment. This observation suggests that
vibrations within the surface bonded dimethyloctadecylsilyl moiety are more
restricted as a result of the underlying GeNS. Finally, contrary to what is observed for
GeNS surfaces modified with primary silanes, v(Si—O) bands at 1020 and 1070 cm™!
show intensity comparable to parent silanes.

Raman spectroscopy probes the internal (i.e., Ge-Ge) bonding of the Ge NSs.
Unfortunately, due to the lack of long-range ordering, the Ge—Si stretching is not
observed at ca. 400 cm™'.264-266 However, in all cases, a Ge—Ge stretching feature is
noted. For HGe-flakes this feature appears at slightly lower energy (i.e., 288 vs.
300 cm!) than for bulk crystalline Ge (i.e., c-Gewuik); Figure 4.4 blue trace); it also
shows minor tailing to lower energy that has previously been attributed to increased
amorphous content (i.e., structural disorder).?'® After attachment of surface groups
via DHC, the Ge—Ge feature blue-shifts slightly to 292 c¢m™'. Given that surface
bonded Si is less electronegative than H moieties, this observation is expected
because surface-bonded Si will impart a smaller inductive influence on Ge—Ge bond
strength that the H it replaces. We also note that increasing steric bulk surrounding the
Si  (i.e.,, dimethyloctadecylsilane-terminated Ge NSs) provides additional

tailing/broadening of the Ge—Ge feature. The exact origin of this observation is
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unclear. However, similar observations have been noted for "bulkier" surface groups

introduced using other approaches.!?’
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Figure 4.4. Raman spectra of crystalline germanium powder (blue), H-Ge flakes (green),
dimethyloctadecylsilane-terminated Ge NSs (red), and octadecylsilane-terminated Ge NSs (black).
Inset: highlighting the shifts of Ge-Ge vibration.

The survey XPS results of (tridecafluoro-1,1,2,2-tetrahydrooctyl)silane,
dimethyloctadecylsilane, and octadecylsilane functionalized Ge NSs were compared
to a Ge (111) reference, and all show intense Ge emissions (Figure 4.5). After surface
modification, additional Si emissions and an increase in the C s signal were
observed, indicating the presence of organsilanes. Furthermore, strong F 1s and KLL
auger electrons were detected from the fluorine-rich (tridecafluoro-1,1,2,2-

tetrahydrooctyl)silane functionlized GNSs.
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Figure 4.5. Survey X-ray photoelectron spectra of (a-c) organosilane functionalized Ge NSs and (d)
clean Ge (111) wafer; the silanes are (a) (tridecafluoro-1,1,2,2- tetrahydrooctyl)silane, (b)

dimethyloctadecylsilane and (c) octadecylsilane.

X-ray photoelectron spectroscopy (XPS) allows probing of the composition as
well as oxidation states of constituent elements in the presented Ge NSs (Figure 4.6).
All spectra were calibrated to adventitious carbon at a binding energy (BE) of
284.8 ¢V.!129-243 We also have provided a spectrum acquired from an intrinsic Ge (111)
wafer for comparison that shows a characteristic Ge(0) emission at 29.45 eV. This
emission is fitted readily to the 3ds» and 3ds» spin-orbit couple and is well defined
(i.e., the 3ds» component is obvious as a high BE shoulder), consistent with a

long-range ordered structure of crystalline Ge.
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Figure 4.6. High-resolution XP spectra of Ge 3d region for (a) Ge (111) wafer, (b) precursor H-Ge
flakes, (c) dimethyloctadecylsilane-terminated Ge NSs, and (d) octadecylsilane-terminated Ge NSs.
The deconvolution of each Ge species has been fit to the Ge 3ds» and 3ds.2 spin-orbit pairs in the same

colour set.

The XP spectra of all Ge NSs feature emissions that are attributed readily to
the Ge framework, however, their breadth (i.e., full-width-at-half-maximum; FWHM)
is greater than that observed for the crystalline Ge (111) wafer standard. This
observation is expected and has been attributed previously to a considerable number
of atoms in materials with different sizes and orientations, which lead to a distribution
of binding energies and symmetric broadening that is Lorentzian in nature.'?’

Following DHC surface modification, high-energy shoulders appear on the Ge

emission that are confidently attributed to trace oxidation that occurs during material

88



processing. We also note that the center of the Ge 3ds, emission shifts to lower BE
(ca. 0.1 to 0.2 eV) because surface bonded H atoms are replaced by less
electronegative Si atoms.

Unfortunately, while the integrity of NS Ge—Ge framework can be confirmed
post DHC functionalization, any detailed evaluation of the Ge 3d spectral region for
(tridecafluoro-1,1,2,2-tetrahydrooctyl)silane functionalized Ge NSs is precluded by

overlap with the F 2s photoelectron emission Figure 4.7).267
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Figure 4.7. High-resolution XP spectrum of Ge 3d region of (tridecafluoro- 1,1,2,2-tetrahydrooctyl)

silane-terminated Ge NSs. The Ge 3d and F 2s emissions overlap, preventing detailed analysis.

It is also possible to probe the presence of surface-bonded Si atoms. The
high-resolution Si 2p spectra (Figure 4.8) of all functionalized sheets show the
presence of organosilicon species at ca. 102.1 eV, consistent with DHC surface
modification.?82% We also note trace higher oxidation state Si in the XP spectra at
103.5 eV, consistent with very limited (i.e., <10%) oxidation. From the integration of
the Si and Ge spectral regions, surface coverages are estimated to be 22% and 35%

for dimethyloctadecylsilane- and octadecylsilane-terminated Ge NSs, respectively.
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Again, similar evaluation surface coverage for tridecafluoro-1,1,2,2-tetrahydrooctyl)-
silane functionalized Ge NSs is limited by the overlap of the Ge 3d and F 2s

emissions.
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Figure 4.8. High resolution XP spectra of of Si 2p region organosilane functionalized Ge NSs, the
silanes are (a) octadecylsilane, (b) dimethyloctadecylsilane and (c) (tridecafluoro-1,1,2,2-

tetrahydrooctyl)silane.

Deconvolution of the high-resolution C 1s spectra (Figure 4.9) provides
further evidence of the surface bonded organosilane ligands presence. The degree of
contamination from instrument chamber adventitious carbon was estimated by
deconvoluting the C 1s region for a clean Ge (111) wafer and H-Ge flakes. As

expected, octadecylsilane and dimethyloctadecylsilane functionalized Ge NSs show a
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Figure 4.9. Hign resolution XP spectra of Cls regions of (a) clean Ge (111) wafer (b) H-Ge flakes,
(c-e) organosilane functionalized Ge NSs, the silanes are (c) octadecylsilane, (d)
dimethyloctadecylsilane and (e) (tridecafluoro-1,1,2,2- tetrahydrooctyl)silane, (a) and (b) were used to

evaluate advititious carbon level.

more intense emission centered at 284.8 eV that is attributable to hydrocarbons
containing alkyl chains (i.e., surface groups). For (tridecafluoro-1,1,2,2-
tetrahydrooctyl)silane functionalized Ge NSs, we also note new spectral features in
the C 1s region at 291.6 eV and 293.1 eV originated from —CF,— and —CF;
respectively, that are accompanied by the appearance of an Fls emission at 688.3 eV

(Figure 4.10).
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Figure 4.10. High resolution XP spectrum of F 1s region of (tridecafluoro-1,1,2,2-tetrahydrooctyl)

silane-terminated Ge NSs

Diffuse-reflectance spectra (Figure 4.11) obtained for H-terminated Ge NSs
and dodecyl-Ge NSs, both heated to 130 °C, as well as Samples 1 and 2 (vide infra)
show that the optical band gaps of these materials are dominated by Ge NSs.

Furthermore, functionalization (with alkyl functionalities or Si QDs) has a negligible

impact on this property.
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Figure 4.11. Diffuse reflectance spectra for (blue) Sample 1: H-Ge NSs reacted with H-Si QDs at
80 °C and dodecyl-functionalized at 130 °C, (green) Sample 2: H-GeNSs reacted with H=Si QDs at
70 °C and dodecyl- functionalized at 130 °C, (red) dodecyl- functionalized Ge NSs at 130 °C, and

(black) H-Ge NSs heated at 130 °C.
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Bright-field transmission electron microscopy (TEM) imaging of
functionalized Ge NSs shows randomly shaped thin structures (Figures 4.12 to 14).
Lattice fringes measured directly afford separations of 0.32 nm, consistent with the
(1010) plane of GeNS;’*7 however, discerning these features is challenging for
individual NSs bearing long-chain organosilane moieties.?” Complicating this
analysis, the freestanding NSs can stack randomly further occluding this

measurement.

Figure 4.12. TEM images of octadecylsilane-terminated Ge NSs, (a) low magnification overview, (b)
high magnification, (c) fast Fourier transform (FFT) of (b), (d) edge of randomly folded Ge NSs, (e)
randomly stacked Ge NSs, and (f) the magnified area in (e).

Figure 4.13. (S)TEM images of trioctylsilane-functionalized Ge NSs, (a) bright-field low
magnification, (b) SAED pattern at low-magnification (inset: radially integrated signal), (c) higher

magnification, and (d-f) dark-field scanning images.
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Figure 4.14. (a, b) bright-field TEM images and (c) dark-field STEM image of (tridecafluoro-
1,1,2,2,-tetrahydrooctyl)silane-functionalized Ge NSs.

Energy dispersive X-ray mapping of organosilanes functionalized sheets were
measured under high angle annular dark-field (HAADF) scanning mode (Figure 4.15).
Regions with high-contrast in HAADF images consisted primarily of Ge, as
evidenced by spatial overlapping with Ge Ko mapping. For octadecylsilane
functionalized Ge NSs, despite the trace Si and the strong carbon background
generated from the clean holey carbon grid, the Si and C Ka mapping overlap with
regions of high Ge content. For (tridecafluoro-1,1,2,2-tetrahydrooctyl)silane

functionalized Ge NSs, additional F Ka signal was detected.

Figure 4.15. (a-d) HAADF-STEM images with elemental mapping of octadecylsilane-terminated Ge
NSs and (e-h) (tridecafluoro-1,1,2,2-tetrahydrooctyl)silane-terminated Ge NSs.

94



4. 4. 2 Silicon Quantum Dot—Germanium Nanosheets Hybrids

To explore the utility of DHC surface reactions further, we investigated reactions of
luminescent H-terminated silicon quantum dots (H-SiQDs) of predefined size (dtem =
3 nm) with H-GeNSs. Our goal was to link 0D and 2D Group 14 nanomaterials via
Ge-Si bonds to prepare SiQD-GeNS hybrids (Figure 4.16). While the primary focus
of the present study was to demonstrate reactivity, one can envision that these
materials could lead to the development of heretofore unknown applications that
derive their utility from a combination of the high electron mobility of germanium
with the optical and/or chemical response of nanosilicon (e.g., advanced battery
electrodes, photoresponsive materials, etc.).

e
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Figure 4.16. Preparation of SiQD-GeNS hybrids. (a) Photoluminescence of H-terminated 3 nm

Sample 2 Supernatant

diameter Si QDs under UV-illumination (365 nm). (b) Visual appearance of a physical mixture of Si
QDs and GeNS after indicated sonication times. (c, d) Dehydrocoupling protocols showing the visual

appearance and photoluminescence at indicated stages upon exposure to UV illumination (365 nm).

H-SiQDs were synthesized following a well-established method developed in
the Veinot laboratory (See: Supporting Information).?>!'?° Subsequently, they were
combined and sonicated with H-GeNSs under an inert atmosphere (Figure 4.16b).
Weak photoluminescence arising from the H-SiQDs is detected visually upon
exposure to a handheld UV lamp (365 nm). The mixture was divided into two
identical aliquots (Figures 4.16¢ and d); one was heated to 80 °C (the threshold

temperature for DHC to proceed; Sample 1) and the other 70 °C (Sample 2). After
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heating for 15 h, no photoluminescence was detected visually from Sample 1, while
the emission from Sample 2 remained, albeit at a qualitatively diminished intensity.
The observations for Sample 1 are consistent with direct SIQD-GeNS bonding when
samples are heated to appropriate temperatures (i.e., 80 °C). The diminished intensity
observed for Sample #2 was attributed reasonably to scattering; however, the
possibility of some limited DHC cannot be neglected completely.

Separation of physical mixtures of Ge NSs and Si QDs is difficult even when
the two components are not bonded. However, differences in material solvent
compatibility do allow for differential settling (i.e., functionalized GeNS and
SiQD/GeNS hybrids settle from suspensions more readily than functionalized Si
QDs). In addition, Si QDs functionalized via hydrosilylation are intensely
luminescent and readily detected.!'? In this regard, 1-dodecene was added to both
samples, and the mixtures were heated to 130 °C in an inert atmosphere for 15 h.
While one might expect DHC reactions to proceed under these conditions, we have
observed that solid—solid reactions involving Si QDs and Ge NSs are slow. As such,
hydrosilylation and hydrogermylation reactions involving 1-dodecene are expected to
dominate, and the remaining H-terminated surfaces of Si QDs and Ge NSs will be
passivated.

Centrifuging Samples 1 and 2 provided dark red/purple solids. However, the
resulting supernatants differed qualitatively. The colourless supernatant obtained from
Sample 1 (Figure 4.16¢) showed no visible photoluminescence upon exposure to UV
excitation. In contrast, the supernatant from Sample 2 was pale yellow and exhibited
intense UV exposure-induced photoemission characteristic of Si QDs (Figure 4.16d).
These observations are consistent with the vast majority of Si QDs in Sample 1 being
bonded to Ge NSs via Si—Ge linkages (i.e., DHC proceeded). While the specific

origin of the absence/loss of SiQD luminescence is unknown, we can discount the
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influence of a straightforward internal filter effect in which Ge NSs are simply
masked excitation of Si QDs. If this were the case, no SiQD luminescence would be
observed for a physical mixture of Ge NSs and functionalized Si QDs (Figure 4.16d).

The quenching of SiQD PL in Sample 1 is the subject of an ongoing
investigation in our labs, and we postulate that, because Ge NSs are likely a direct
band gap semiconductor and their band gap is smaller than that of Si QDs,”
photoexcited carriers within the Si QDs are transferred to the bonded germanane
nanosheets. This process can be viewed reasonably as a charge transfer process that
has been invoked previously for SiQD PL and exploited in sensors.?*?”" In contrast, in
Sample 2, DHC did not proceed, and the majority of Si QDs are freestanding. As such,
the behaviour of the isolated supernatant is qualitatively similar to what has been
noted for Si QDs functionalized with alkyl-terminated surfaces via thermally-induced
hydrosilylation reactions.?

Transmission electron microscopy and EDX mapping of the present
SiQD-GeNS hybrids are consistent with the conclusions drawn from our qualitative
evaluation of their PL behaviour noted above. Figure 4.17 shows imaging and EDX
mapping of the precipitate obtained from Sample 1; Si QDs maintain their
crystallinity, are consistently associated with/on GeNS, and there is no evidence of
freestanding Si QDs on the TEM grid. In contrast, Figure 4.18 shows bright-field
TEM imaging in which Si QDs are distributed on the grid (i.e., everywhere) with no
obvious preference toward having an association with Ge NSs, supporting Sample 2

being a physical (i.e., non-bonded) mixture of Si QDs and Ge NSs.
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Figure 4.17. 3-nm diameter SiQD-GeNS hybrids; (a, b) bright-field TEM images, (c) high-resolution
image, (d)FFT pattern of (c), and (e-h) HAADF-STEM with elemental mapping.

“Uitrathin carbon film

Figure 4.18. Bright-field TEM images of a physical mixture of Si QDs and Ge NSs, Si QDs are dark
dots observed on Ge NSs as well as on (a) support grid and (b) ultrathin carbon film.

Finally, Si QDs-Ge NSs hybrids with larger sized Si QDs (i.e. 8 nm and 64 nm)
were prepared and confirmed under TEMs (Figure 4.19). Consistent with 3 nm
hybrids, individual Si QDs were observed on the carbon film only in rare areas,
suggesting effective DHC reactions and purification. At a larger size, crystallinity
lattice from HRTEM is contributed mainly from Si QDs due to high coverage. In a
particular area with fewer Si QDs (Figure 4.19¢), the lattice of both underlying sheets
and particles were observed, which again suggests that the Ge-Ge framework is

retained after the dehydrocoupling reaction. When the size of nanocrystals is
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significantly large (i.e. 64 nm), Ge NSs are no longer acting as a substrate to host

particles but rather wrap Si QDs due to their difference in size.

Figure 4.19. TEM images of (a-d) 8-nm sized Si QDs-Ge NSs hybrids, (a) low magnification, (b,c)
high magnification at different locations, and (d) in dark field mode; (e-h) 64-nm sized Si QDs-Ge NSs
hybrids, (a) low magnification, (b) high magnification, and dark field images at (g) low magnification,

(h) high magnification.

4.5 Summary and Outlook

In summary, we have presented that thermally-induced heteronuclear
dehydrocoupling provides a convenient approach to tailoring the surface chemistry of
Ge NSs. This represents the first demonstration of the introduction of moieties on Ge
surfaces that are linked via Ge—Si bonds. Furthermore, we demonstrated the
preparation of a 0D/2D hybrid material comprised of covalently linked Si QDs and
Ge NSs that was effectively modified via concurrent hydrogermylation/silylation

reactions.
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Chapter 5

Poly(dihydrogermane): Synthesis, Stability, and Side
Group Substitution

5.1 The Family of Catenated Polygermanes

As described in Chapter 1, catenated polysilanes and polygermanes exhibit unique

271 and

optical and electrical properties, such as non-linear optical properties
photo-induced electron transfer.?’> Currently, known linear polygermanes are
synthesized commonly by using diorganodichlorogermane precursors via Wurtz-type
coupling®-271273274  and  electroreductive  synthesis.?®°7%%  Alternatively, the
demethanative coupling of HGeMes catalyzed by a Ru complex also was reported
with high yield.'?3275 While these reactions offer polygermanes with relatively high
molecular weight, the substituents are limited by the availability of dimethyl- or
dihalide- germane precursors. On the other hand, reacting Grignard or organolithium
reagents with germanium diiodide generally yield short-chain oligogermanes.?3-273275

We and others have demonstrated various hydrogermylation protocols that afford

convenient methods for substituted Ge—H bonds with unsaturated groups on Ge
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substrates,'?* nanostructures,?® and layered polygermanes.

The catenated poly(dihydrogermanes), with a formula of [GeH:],, which
provides Ge—H reactive sites, has been synthesized previously by a topochemical
deintercalation reaction of Zintl phase CaGe in cold acids.!?!% The [GeHz], prepared
by this method is a yellow solid with high molecular weight that can, however, cause
explosive decomposition to Ge when dry; this significantly limited its processability

and scalability. However, since the previous work was done in the early era when

most of the material characterization was not available, including powder X-ray

100



diffraction with synchrotron radiation source, transmission electron microscopy
(TEM), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), absorption
spectroscopy, and thermogravimetric analysis (TGA), the structure and properties of
these materials remain largely unknown. Furthermore, we also prepared [GeH:],
using an alternative method that is safer to handle, and the production is scalable.

In this Chapter, we studied the preparation of high-quality gram-scale [GeH:],
using a two-step deintercalation reaction from CaGe and compared its morphology,
bonding environment, level of disorder, optical band, and thermal decomposition with
traditionally simple acid deintercalated [GeH:],. We have shown the [GeH:], prepared
by the new method has a more ordered linear fabric morphology, stronger Ge—Ge
bond strength, and a larger interstrand distance, which lead to better stability than
traditionally prepared [GeH:],.. Finally, we performed a hydrogermylation reaction on
both types of [GeH:], with 1-dodecene that yielded free-standing [Ge(Ci2H2s5)2],, and

we noticed interesting patterns upon drying on TEM grids.

5.2 Material and Synthesis

5. 2. 1 Materials

All reagents were purchased from Sigma-Aldrich and Gelest Inc and used without
further purification, unless otherwise stated. All solvents were dried using an

Innovative Technology, Inc. Grubbs-type solvent purification system.

5. 2. 2 Synthesis of CaGe

A stoichiometric mixture of calcium (Sigma, 99.0%) and germanium (Sigma,
99.999%) was pressed into a pellet and then melted together from both sides in an arc
furnace. The resulting product was evaluated using X-ray powder diffraction and

X-ray photoelectron spectroscopy.
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5. 2. 3 Synthesis of [GeH:].

Method 1. In a typical reaction, 2.00 g (17.8 mmol) of freshly ground CaGe fine
powders were loaded into an argon-filled Schlenk flask. Then, a mixture of 30 mL
distilled acetonitrile and 0.960 mL (53.4 mmol) deionized water was added to the
flask and kept for 24 h at room temperature without disturbing. The orange-red
reaction mixture was separated by 3000 rpm centrifugation for five min, then washed
five times with ice-cold 1:5 v/v concentrated hydrochloride in anhydrous ethanol and
three times with anhydrous ethanol; each time, the mixture was separated by
3000 rpm centrifugation for five min. The final yellow-orange powders were dried in
vacuum on the Schlenk line. The resulting [GeH:], was covered with aluminum foil
and stored in a freezer located in a nitrogen-filled glove box, until further use.

Method 2. In a typical reaction, 0.25 g (2.2 mmol) of freshly prepared CaGe
granular was loaded into a Schlenk flask filled with 30 mL of concentrated HCI
cooled to —30 °C in a low-temperature freezer. (Caution! Do not use ground fine
powder) The granular submerged and broke into pieces in 1-2 min, and the mixture
was maintained at —30 °C for 30 min. Then, the bright yellow coloured mixture was
centrifuged at 3000 rpm for five min and washed three times with anhydrous ethanol,
followed by three times with dry toluene; each was separated by 3000 rpm
centrifugation for five min. The final [GeHz], (ca. 0.15 g, 2.0 mmol) was stored in dry
toluene (15 mL) with a standard freeze-pump-thaw procedure in a Schlenk flask,

covered with aluminum foil, and stored in a —30 °C freezer until further use.

5. 2. 4 Synthesis of [Ge(C12H25)2]x
A mixture of [GeH2], (10 mg, 0.13 mmol Ge-H>»), dry degassed toluene (10 mL), and
I-dodecene (2.0 mL, 2.6 mmol) was loaded into a 25 mL Biotage® microwave tube

in a nitrogen-filled glove box or by cannular transfer from a Schlenk flask, and then
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the tube was sealed. The reaction mixture was ultrasonicated in a bath sonicator
(Fisher Scientific FS30) for three h, after which it was heated to and maintained at
150 °C and stirred for 15 h. The resulting yellow-orange suspension was transferred
to a PTFE centrifuge tube, anhydrous ethanol (40 mL) was added as an anti-solvent,
and the mixture was centrifuged (13,000 rpm for 30 min) to yield a deep orange pellet.
The solid was re-suspended in a minimum amount of toluene (ca. 1 mL). This
suspension procedure was repeated twice, after which the [Ge(Ci2Has)2], was

freeze-dried from benzene and finally dispersed in toluene.

5. 3 Material Characterization

5. 3.1 Fourier Transformed Infrared (FTIR) Spectroscopy

FT-IR Spectroscopic analyses were performed using a Thermo Nicolet Magna 750 IR
Spectrometer. Samples for FT-IR analysis were prepared by drop coating a toluene
dispersion of the functionalized Ge NSs of choice onto an electronic-grade Si-wafer
(N-type, 100 surface, 100 mm thickness and 10 ohm-cm resistivity) and dried under

nitrogen atmosphere.

5. 3. 2 Electron Microscopy

Bright-field transmission electron microscopy (TEM) images were taken with a JEOL
JEM-ARM200CF S/TEM electron microscope at an accelerating voltage of 200 kV.
The HRTEM images were processed using Gatan Digital Micrograph software
(Version 3.4.1). TEM samples were prepared by depositing a droplet of a diluted
suspension in toluene onto a holey or ultra-thin carbon-coated copper grid (obtained
from Electron Microscopy Inc.). The grid was kept in a vacuum chamber for at least 24

h prior to data collection.

103



5. 3. 3 X-ray Photoelectron Spectroscopy (XPS)

XPS analyses were performed using a Kratos Axis Ultra instrument operating in
energy spectrum mode at 210 W. The base and operating chamber pressure were
maintained at 107 Pa. A monochromatic Al Ko source (A = 8.34 A) was used to
irradiate the samples, and the spectra were obtained with an electron take-off angle of
90°. CasaXPS software (VAMAS) was used to interpret high-resolution spectra. All
spectra were calibrated internally to the C 1s emission (284.8 eV). After calibration, a
Shirley-type background was applied to remove most of the extrinsic loss of structure.
The Ge (111) wafer reference was cleaned by immersing in 30% v/v H2O» for 90 s,

followed by 10 min etching in 10% v/v HF.

5. 3. 4 Powder X-ray Diffraction (XRD) Analysis

Powder diffraction data was collected at the Canadian Light Source using the CMCF
beamline. Samples were loaded in polyimide Katpons, with an inner diameter of
0.300 mm and an outer diameter of 0.350 mm. The samples were loaded into the set
up using a magnetic sample holder in transmission mode. Powder data was collected
using a Rayonix MX300HE 2D detector, with a detector distance of 150 mm. The
beam energy was set to 18 keV, with a spot size of 150 microns. The synchrotron
radiation wavelength was calibrated using a LaBg standard and was found to be
0.68745 A. The powder data was integrated using GSAS-II with the LaBg calibration
to identify the integration area and radiation wavelength. The background from the

empty Kapton also was subtracted prior to integration.

5. 3. 5 Raman Spectroscopy
Raman spectroscopy was performed using a Renishaw inVia Raman microscope
equipped with a 632 nm diode laser operating at a power of 3.98 mW on the sample.

Samples were prepared by mounting the powders on a glass slide. At least three spots
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were measured for each sample, with an integration of five scans on each spot, with a
laser power of 1-5%. To induce [GeH:], prepared by Method 1, a power of 50-100%

is applied.

5. 3. 6 Diffuse Reflective Analysis
Diffuse reflective analysis was performed using a Cary 5000 UV-Vis-NIR, with a
diffuse reflectance integrating sphere attachment. The detector and grading filter were

changed at 900 nm.

5. 4 Result and Discussion

5. 4. 1 Structural Characterization

Poly(dihydrogermane) was prepared by two methods through deintercalation using a
Zintl phase precursor CaGe (details are provided in Section 5. 2. 2). Briefly, CaGe
was synthesized first by pressing stoichiometric ratios of Ca and Ge into a pellet and
then melting them together from both sides in an arc-furnace. The synthesized CaGe
is highly crystalline and has its structure confirmed via powder X-ray diffraction
(pXRD, Figure 5.1f). CaGe can react with water rapidly at ambient conditions, as
evidenced by its colour change from dark gray with a lustre to dark lime in a few
minutes and, eventually, to deep orange after several days (Figure 5.1c¢). A similar
observation has been noticed by Vogg and co-workers in the deintercalation of CaGe»
using water to form the [Ca(OH),GeH] , structure.”’ Based on this, we optimized the
[GeHz], synthesis condition by mixing fine powders of CaGe and water in a 1:3
molar ratio for 24 h, with acetonitrile used as a solvent, and then washed and

centrifuged them with ice-cold 1:5 v/v HCI/EtOH five times (Method 1, Figure 5.1a).
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Figure 5.1. (a) Schematic illustration of [GeHz]. synthesis from CaGe by Method 1 and 2. Photograph
of (b) CaGe, (c) (Ca(OH)2GeHz)n, (d) [GeHz2]» (Method 1), (e) [GeHz]» (Method 2). Powder XRD
pattern of (f) CaGe and (g) [GeH:]. by two methods, A = 0.68745 A, * trace CaOCaCl-3H0.

[GeH:], also can be prepared directly by reacting CaGe with cold (-30 °C)
concentrated HCI, similar to its CaGe, counterpart (Method 2, Figure 5.1a).!9%225 This

reaction is, however, extremely exothermic and violent and should be prepared only
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on a small scale (<0.3 g of CaGe granular). The deintercalation reaction is so fast that
the granular will break into pieces after 1-2 min, and the reaction is complete in
30 min, compared to several days for the deintercalation of CaGe».2°%?2% PXRD
analysis confirmed that both types of [GeHz], have quite broad peaks (Figure 5.1g),
indicating short-range crystallinity (i.e., nanostructured). The first two peaks can be
indexed as (021) and (200), assuming the same orthorhombic unit cell, where the
(021) plane value is close to the (111) plane in diamond lattice Ge and the (200) plane

is half of the distance between the [GeH:], strands in the same layer (Figure 5.2).

Figure 5.2. Schematic illustration of (020), (200), and (021) reflection.

These values were calculated to be 3.35 A (021) and 1.87 A (200) for [GeHa],,
by Method 1 and 3.28 A (021) and 1.84 A (200) by Method 2. While the (021) plane
for [GeHz], by both methods is in close proximity to bulk Ge (111) (3.324 A), the
(200) plane shrinks significantly compared to the parent CaGe (2.288 A),?222%5 which
suggests that the [GeHz], strands are closer by ca. 20% upon the removal of Ca atoms

(Figure 5.3).
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Figure 5.3. Schematic illustration of the (200) reflection from (left) CaGe and (right) [GeHz]».

We believe that this dramatic change will disturb the packing of the [GeH:],
strands on the b axis, resulting in the missing of a (020) reflection. This is supported
by the pXRD analysis of the orange intermediate (Ca(OH).GeH»),, where Ca(OH),
only formed and diffused locally and the (020) plane was observed (5.47 A,

Figure 5.4).

L) " L] * T = L]

- Trigonal Ca(OH), 4
Envelope
GeH,

Intensity (a.u.)

Figure 5.4. (red) Envelope of powder X-ray diffraction of (Ca(OH).GeH>). using an X-ray source with
L = 0.68745 A: (blue) calculated pattern from single-crystal trigonal Ca(OH). and (black dot)

deconvoluted area suggested scattering generated from [GeHz]».
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Two morphologies, a closely packed linear assembly or some random
agglomeration, were confirmed using transmission electron microscopy in [GeH:z],
prepared by Method 1 (Figure 5.5 a-c). The fabric structure was retained after
deintercalation and packed closer due to the merging of multiple [GeH:], strands. The
random morphology is the free-standing form of [GeH:], that was exfoliated from the
structure agglomerates via van der Waals forces and forms a random agglomeration
during the preparation of the TEM sample. Because of a more violent deintercalation
reaction, [GeHz], prepared by Method 2 primarily obtained a random agglomeration

form.

Figure 5.5. (a-c) TEM analysis of [GeHz], prepared by Method 1: (a) low magnification image and (b)
high magnification HAADF-STEM images, (c) EDX mapping of Ge Ka at an area selected in (a); (d-f)
TEM analysis of [GeH:]: prepared by Method 2: (d) low magnification TEM image, (e) high
magnification, and (f) atomic resolution HAADF-STEM images.

5. 4. 2 Compositional Characterization
Energy dispersive X-ray (EDX) mapping indicates that both morphologies have a

strong Ge signal and spectrum (Figure 5.6), absence of Ca, negligible O, and a trace
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amount of CI (ca. 2.5%). The trace Cl is observed in the deintercalation of CaGe,”°

which can be explained by the Ge-O being etched by HCI.!1%8:10

—IGeLa/'GeLbI T
Ge Ka
31 :
8
N Cu Ka (grid) » ~
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O 5,2 (arid) Ge Kb
- :T ClKa Cu Kb | ]
AL I
0 2 4 6 8 10 12

Energy (kV)

Figure 5.6. EDX spectrum of [GeHz]., measured at an area with a vacuum background on a holey

carbon grid.

To confirm the bonding environment further, we performed Fourier-transform
infrared spectroscopy (FTIR), Raman spectroscopy, and X-ray photoelectron
spectroscopy (XPS) on the [GeH:], nanostructures (Figure 5.7 and 5.10). FTIR
performed on the freshly synthesized [GeH:], by both methods show intense Ge—H>
stretching and bending modes at ca. 2042-2046, 776, and 831 c¢cm™!, respectively.”
Additional O-H stretching and bending at ~3370 and 1630 cm™' can be assigned to
free water adsorbed between these nanostructures.?’24? To verify further that water
will not oxidize the [GeH:z],, especially in Method 1, we also measured the FTIR for
(Ca(OH)2GeHa),, freshly purified [GeHz], without drying, and [GeH:], that had been
stored in the dark at room temperature (Figure 5.7), and we observed that all the

spectra show intense Ge—H> stretching and bending vibrations.
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Figure 5.7. (a) FTIR and (b) Raman spectroscopy of [GeHz]» synthesized by Method 1 and 2, with
inset highlighting the Ge—Ge peak center.

For [Ca(OH).GeH:],, an additional sharp characteristic Ca(OH), stretching
vibration at 3645 cm!' was observed;?’¢ it was completely eliminated in the purified

wet [GeH:],. The intense free water peaks again were diminished upon drying

(Figure 5.8).
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Figure 5.8. FTIR spectra of [GeHz]. prepared by Method 1 at different stages: (a) (Ca(OH)GeHz)n,
(b) wet [GeHz]» with adsorbed H-O, and (c) slightly decomposed [GeH:]».

From Raman spectroscopy, the main Ge—Ge optical vibration occurs at 300
and 289 cm!' for [GeH:], prepared by Method 1 and 2, respectively. Additional
Ge-H» vibrations can be observed at 180 and 820 cm’!. For [GeH2], prepared by
Method 2, this red-shift was compared with bulk Ge crystal (300 cm™) 277?78 results
from a disorder-induced activation of phonon density, as described by Weinstein and

Cardona,?”’

which agrees with the observation from TEM analysis. In addition to
optical phonons, acoustic-like Ge (acGe) peaks at ~160—170 cm™ and ~225 cm™! were
observed, contributed by the vibration of [GeHa], strands.?’*?%° The more intense and
blue-shifted acGe peaks were observed for [GeH:], prepared by Method 2 due to the
closer spacing between the [GeH:], strands.

XPS measurements, which can probe the elemental composition as well as the

oxidation states of Ge at the surface (i.e., a few nm), were performed for precursor

CaGe after argon cleaning and for synthesized [GeH:], by Method 1 before and after
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argon cleaning. All spectra were calibrated to adventitious carbon at a binding energy
(BE) of 284.8 eV.!20233 Survey spectra also were provided and compared with a
freshly etched clean Ge(111) wafer to help identify emissions from Ca (Figure 5.9),
where both the Ca 2p and 3s peaks are overlapped heavily with Ge emissions. In the
survey scans, all spectra show strong Ge emissions and a trace C 1s signal from
adventitious carbon. Additional intense Ca 3s and O 1s emissions were observed in
the CaGe sample after argon cleaning, which suggests mild oxidation by fast

deintercalation with water.

01s Ge LMM ”Ge3s Ge 3p Ge 3d
LN L R R )

Ca 3s
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Figure 5.9. Survey XP spectra of (a) clean Ge (111) wafer, (b) CaGe after Ar cleaning, (c) [GeH:]»
with residual CaGe after etching, and (d) [GeHz]. before Ar cleaning.
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High-resolution XP spectra of the Ge 3d region were fitted to the Ge 3d5/2
and 3d3/2 spin-orbit couple, with a 0.58 eV difference in BE, where each set was
defined by the same colour set (Figure 5.10). In the CaGe sample, a Ge~ component
was deconvoluted, centred at 28.62 eV, significantly lower than the reference
elemental Ge (29.45 eV), but comparable to Ge (-1) in CaGe>.2% Although the Ge in
CaGe has an official oxidation state of (-2), we believe that a higher BE is related
strongly to the fast deintercalation reaction at surface level, which can be supported
by some of the Ca?" in the form of CaCOs;. An additional Ge-O (31.1 eV)
emission’*>28! and a Ge—-Ge emission were contributed by GeHx (+2, 30.07 eV).
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Figure 5.10. High resolution XP spectra of Ge 3d region, (a) clean Ge (111) wafer, (b) CaGe after Ar
cleaning, (c) [GeHa], with residual CaGe after Ar cleaning, and (d) [GeHz]. before Ar cleaning.
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Before argon cleaning, the [GeH:], shows a strong emission at 29.82 eV,
slightly higher than the reference Ge (0) due to more electronegative
hydride-termination.?®? In addition, minor Ge-O (31.1 eV) and Ge-O: (32.5 eV)
peaks suggest that slight oxidation and dehydrogenation occurred at the surface. After
argon cleaning, all the emissions associated with Ge-O were removed completely,
and the Ge—Ge emission contributed by GeH> has a BE of 30.06 eV. Interestingly,
although Ca emissions were not observed in the survey spectrum, a residual peak
centred at 27.90 eV can be assigned only as Ge (-2) from residual CaGe in the center
that was not deintercalated.

Diffuse reflectance absorption (DRA) was performed to evaluate the optical
band gap of [GeH:], prepared by Method 1 and 2, with an optical bandgap measured
as 2.31 and 2.70 eV, respectively (Figure 5.11). Wei and Xiao Cheng previously had
performed a first-principle calculation on polygermanes with H— or Ph— substituents
and concluded that the band-edge states are contributed mainly by the skeletal Ge
atomic orbitals, and the bandgap for (GePhy),, can reduce from 2.13 eV to 1.131 eV

when a tensile strain is present.’’
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Figure 5.11. DRA plot of [GeHz]. prepared by Method 1 (black) and 2 (red), with optical band gap
measured 2.31 eV and 2.70 eV, respectively.
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Since [GeH:], synthesized by both methods originated from CaGe with a
pre-existing Ge—Ge skeleton, especially by Method 1, it is plausible that the band gap
difference is a consequence of tensile strain. Urbach tails were observed to the lower
energy level and were larger for [GeHz], prepared by Method 2 due to the lack of

long-range order;>’° this is consistent with TEM and Raman results.

5. 4. 3 Stability Test

Similar to previous methods, we also noticed that [GeH:], prepared by Method 2 is
not stable at ambient condition when dry.'” A small scale explosion, with a visible
flame and loud sound, was observed with > ca. 0.25 g dry powder, yielding a black
crystalline Ge powder. A smaller-scale explosion or micro-explosion with <1 mg
material also can be trigged using an anti-static gun or a 1.99 mW laser power.
Surprisingly, [GeH:], prepared by Method 1 is easy to handle at dry ambient
conditions even at a larger scale (i.e., > 2.0 g). Upon a 1.99-3.98 mW laser exposure
for 60 s, it only results in the decomposition, and no explosive decomposition was

observed (Figure 5.12).

Figure 5.12. Photograph obtained from optical microscopy equipped on a Raman spectrometer at a
magnification of 20X. [GeH2], prepared by Method 1 (a) before and (b) after a 50% laser power
(1.99 mW) exposure for 60 s.
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Raman spectra of exploded product from Method 2 and decomposed product
from Method 1 were measured (Figure 5.13). Compared to the original [GeH:],, these
decomposed materials show a primary Ge—Ge peak, with a minor acGe peak, similar

to crystalline Ge powder, suggesting a more ordered Ge—Ge framework.
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Figure 5.13. Raman spectra of (a) crystalline Ge powder as a reference, (b) exploded residual from

[GeH:]. produced by Method 2, and (c) a rescan of decomposed product from [GeH:]. produced by
Method 1 after a 50% laser power (1.99 mW) exposure for 60 s.

Thermal stability of [GeH:], prepared by Method 1 was evaluated via FTIR,
Raman spectroscopy and DRA after curing at 75 — 200 °C in a dark Ar environment
for four hours (Figure 5.14b-d). The colours of the resulting samples shifted from
golden to brown and eventually turned into black, with a luster. FTIR and Raman
spectra for samples cured at below 120 °C (magenta line) show a negligible
difference. Above 120 °C (magenta line), all Ge—H> bending modes were diminished,

and a broad Ge—O-Ge stretching mode was detected in FTIR.
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Figure 5.14. Thermal stability measurements. (a) Optical photographs of [GeH:]. prepared by
Method 1 after curing at the indicated temperature and their (b) FTIR spectra, (c) Raman spectra, and
(d) absorption spectra. (¢) TGA of [GeHz]. prepared by both methods.

Raman spectra also indicate that the transition started at 120 °C, where the
Ge—Ge red shifted due to disorder, and the peaks broadened at the higher temperature.
Both FTIR and Raman suggest that curing at above 120 °C accelerates the
dehydrogenative reaction, resulting in a disturbed Ge—Ge skeleton. The optical
bandgap was decreased gradually from 2.31 eV to 1.50 eV at 120 °C, with an increase

of the Urbach tail. Upon curing at 140 °C (green line), the band gap suddenly dropped
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to 1.06 eV, which is comparable with an amorphous hydrogenated germanium film
(1.1 eV),?® and continuously reduced to 0.73 eV for a sample cured at 200 °C. For
samples cured at higher than 140 °C, the Urbach tails reduced, suggesting a more
ordered structure. TGA was performed for [GeH:], prepared by both methods (Figure
5.14e), where a slow 2% weight loss at a temperature before 150 °C was attributed to
the loss of ~0.75 equivalent hydrogens in [GeHz],.. This temperature is lower than that
of germanane (200-250 °C)7%2% because of the higher accessibility of the hydrogen
source, and the remaining hydrogen is single bonded to Ge, as evidenced by FTIR.
The second weigh loss between 180 °C and 220 °C is steeper and about 3% and16 %
for [GeHz]. prepared by Method 1 and 2, respectively. A 16% weight loss is close to a
magnitude higher than the possible hydrogen coverage in [GeH:],, which indicates
that some Ge segments (i.e., GeHav2) were decoupled from the skeleton.!”” By
assuming that all the leaving groups are simple germane (GeHa), the 16% weight loss
can be calculated as ca. 0.24 equivalents of hydrogen in [GeHz],. It suggests that most
of the residual Ge—H decompose into Ge and GeHs at the higher temperature (Method
2), where Ge—Ge skeletons break down. On the other hand, for [GeH:], prepared by
Method 1, the 3% weight loss was estimated to be a combination of H> loss (ca. 0.2

equivalents) and GeHs loss (ca. 0.02 equivalents).

5. 4. 4 Side-Group Substitution

Finally, we demonstrated that side group substitution is possible on [GeHz], via a
thermal hydrogermylation reaction with unsaturated bonds (i.e., 1-dodecene), and the
reactions were evaluated by the diminishing of Ge-H stretching in FTIR
(Figure 5.15), with morphologies characterized by TEM (Figure 5.16 and 5.17).
Spectra of all the synthesized (Ge(Ci2H2s5)2),, show the expected features of a dodecyl

group, without the unsaturated features (i.e., C—H sp2 stretching and C=C vibrations)
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of 1-dodecene. Residual Ge—H features at ca. 830 cm’! and ca. 2010 cm™' were
observed for samples functionalized without sonication, while these features were

diminished completely in sonicated samples prepared by both methods.

C-H sp3 (v) GeH, (v) GeH, (6

Intensity (a.u.)
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Figure 5.15. FTIR spectra of (a) [GeHz]. prepared by Method 1, (b) neat 1-dodecene, [Ge(Ci2H2s)2]x
prepared without sonication from (c) Method 1 and (d) Method 2, and [Ge(Ci2H2s)2]» prepared with
sonication from (¢) Method 1 and (f) Method 2.

This difference of Ge-H stretching in IR spectra was revealed by TEM
analysis. When the [GeH:], fine powders are not disturbed/exfoliated via sonication,
the close distances between these strands will prevent the diffusion of substituents
and further functionalization, which leads to a similar linear assembly or randomly
agglomerated morphologies as [GeH:], prepared by Method 1 (Figure 5.16 a-d) and

Method 2 (Figure 5.17 a and b), respectively.
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Figure 5.16. HAADF-STEM images of [Ge(Ci2Has)2]» prepared from Method 1 (a-d) without
sonication: (a) high-resolution image, (b) low-resolution image, (c) C Ka mapping at area (b), and (d)
Ge Ko mapping at area (b); (e-h) the assembly of free-standing [Ge(Ci2H2s)2]. at different

magnification; (i-1) exfoliation process and break down of large Ge—Ge strands.

Figure 5.17. HAADF-STEM images of [Ge(Ci2H2s)2]» prepared from Method 2 (a,b) without
sonication: (a) low-resolution image, (b) high-resolution image; (c, d) the assembly of freestanding

[Ge(Ci12H2s)2]x at different magnification.
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Although structurally similar, further EDX mapping confirmed that the C
signal is comparable with the underlying carbon grid and that it overlapped well with
the Ge signal. Furthermore, the EDX spectrum (Figure 5.18) also confirms strong C

and Ge signals, with trace O, measured at an area without a grid support.
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Figure 5.18. EDX spectrum of [Ge(Ci2H2s)2]» prepared from Method 1, measured at an area with a

vacuum background on a holey carbon grid.

Once the polygermane strands were exfoliated fully and functionalized, we
noticed improved organic solvent compatibility in that they remain in suspension for
months. Upon drying, HAADF-STEM images for both methods (Figure 5.16i-h,
Figure 5.17c and d) show that a uniformly distributed self-assembly-like pattern
formed on the ultra-thin carbon grid. We further analyzed the non-fully exfoliated
Ge—Ge strands (Figure 5.16i-1) and noticed that the [GeH:], does not remain as a
single linear strand. Instead, large fibres will decouple directly into smaller pieces
with a similar width; this explains the narrow distribution for the pattern sizes.

Unfortunately, it is challenging to study the fine structure of these materials as
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images were blurred due to ligand coverage, and an attempt at sample cleaning would

alter their morphologies (Figure 5.19). This will be the basis of future investigations.

Figure 5.19. HAADF-STEM images of [Ge(Ci2Hzs)2] prepared from Method 1 after plasma cleaning:
(a) residual large strands and (b) free-standing assembly after harsh cleaning; (c,d) high magnification

images of the free-standing assembly after (c) gentle cleaning and (d) harsh cleaning.

5.5 Conclusions

In summary, we have prepared a stable form of polydihydrogermane that retains
linear fabric nanostructure after deintercalation. XRD shows that it has a larger
interstrand distance compared with polydihydrogermane prepared in previous reports,
which leads to a red-shift in the transverse acoustic vibration in Raman spectroscopy.
Thermal stability measurements reveal that this stable form only proceeds the
dehydrogenation reaction slowly, with trace GeH, decomposition byproducts due to a

stronger Ge—Ge bond, compared with the traditional method. Lastly, we showed that
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both forms of polydihydrogermane can be modified via a hydrogermylation reaction,

offering the opportunity for various functional catenated polygermanes.
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Chapter 6
Thesis Summary and Outlook

6.1 Summary of Chapters

Group 14 nanostructures have shown glamorous applications due to their optical and
electronic properties. Surface functionalization is an essential aspect of nanostructure
design and preparation that imparts stability, processability, and functionality.
Compared to the well-established protocols on the functionalization of Si surfaces,
the modification of Ge surfaces is still under development. The aim of the research
outlined in this Thesis was to explore Zintl phase precursors for germanium
nanomaterials and tailor the surface chemistry of Ge-based 1D and 2D nanomaterials
and the potential hybrids. The work presented in Chapters 2, 3, and 4 presents the
synthesis of Ge NSs and surface functionalization via hydrogermylation and
dehydrocoucpling reactions, while Chapter 5 investigated the improved method for
the synthesis of poly(dihydrogermanes) and ligand substitution via a
hydrogermylation reaction.

Chapter 1 gives a brief introduction to the basic principles of Group 14
nanostructure synthesis, functionalization, and potential Zintl phase precursors. The
Chapter starts with a few general methods for the preparation of Si/Ge nanostructures
with various morphologies, from 0D QDs, 1D nanorods/wires, to 2D nanosheeets,
and briefly discusses their size and shape control. The synthesis strategies of 1D
polysilanes/polygermanes are introduced, with the main categories being Wurtz-type
coupling, electrochemical reduction, and dehydrocoupling. Next, the surface
functionalization methods on the flat Si and Ge wafer surfaces, porous surfaces, and

nanostructure surfaces are summarized, including various hydrosilylation/
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hydrogermylation methods, Grignard and organolithium reagents, dehydrocoupling
reactions, amination and thiolation reactions, and topotactic transformations using
Zintl phases precursors. Following this, the concept of Zintl phases, a few useful
examples of Ge-containing Zintl phases, and the compounds presented in the Ca—Ge
phase diagram are deliberated. Finally, the exfoliation methods of deintercalated Zintl
phase subunits held by vdW forces into individual nanostructures are introduced.
Chapter 2 presents the synthesis of the high crystalline CaGe> Zintl precursor
and germanane (Geg¢Hs), from the subsequent deintercalation reaction. Compared to
the previously reported methods that require a specific dynamic reactive epitaxy
instrument or a week-long temperature profile, the use of a compact arc furnace
instead greatly reduces the synthesis time to less than an hour, with yields over the
grams scale. PXRD and SEM were carried out to characterize the crystal structure
and morphologies of both CaGe; and (GeeHe),, confirming the layered network. The
composition of materials was analyzed further using FTIR, XPS, and Raman
spectroscopic techniques. As inferred by the formula (Ge¢Hs),, Ge—Ge and Ge—H
are the major vibration modes, with a binding energy of Ge 3d slight higher than that
of the elemental form due to the electronegativity difference resulting from
hydride-termination. Upon liquid phase exfoliation, (GesHs), nanosheets can be
observed directly under TEM, with its crystal retained, as evidenced by SAED.
Chapter 3 describes the hydrogermylation chemistry to produce Ge—C bonds
by simple heating or radical initiation of the reaction of hydride-terminated Ge
nanosheets with alkenes. Upon reaction, the Ge—H bonds were consumed and
intense alkyl vibration modes were observed in FTIR spectra. The surface coverage of
the ligand was estimated using the model derived from the overlayer coverage
calculation on the wafer surface. After the hydrogermylation reaction, the Ge-Ge

network shows an intact crystalline structure confirmed by SAED or HRTEM. The
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thickness was probed using AFM for each functionalized NS monolayer, revealing a
significant increase compared to the original hydride-terminated NS. While
germanane surfaces oxidize under ambient conditions, alkyl-terminated Ge NSs are
thermally stable up to >475 °C.

Chapter 4 introduces the heteroatom dehydrocoupling reaction between Si—H
and Ge—H bonds to form a Si—Ge bond by simple thermal heating. This facile
reaction can couple both primary hydridosilanes, H3SiCisH3z7;  and
H3Si(CH2)2(CF»)sCF3, and tertiary hydridosilanes, HSi(Me)(CisH37) and HSi(CH17)3,
onto the Ge NSs surface. FTIR, Raman, XPS, and EDX mapping were carried out to
confirm the organosilane-termination, where addition of Si signals are distributed
uniformly on the Ge NSs. Substitution levels of Ge—H on the starting Ge NSs surface
by organosilanes were quantified using an XPS emission signal, whose average value
is close to 25%. Hydride-terminated Si QDs with various average sizes (3—64 nm)
also were coupled onto the Ge NSs surface. With successful coupling, the
characteristic bright red PL of 3 nm Si QDs was quenched, while PL remains in the
physical mixture.

Chapter 5 presents the synthesis, stability test, and ligand substitution of
poly(dihydrogermanes) prepared from the CaGe Zintl precursor. Topotactic
deintercalation of CaGe in concentrated HCI at low temperature or in a
water-mediated solvent at room temperature can produce poly(dihydrogermanes) with
a similar composition. The Ge—Ge bond length, interstrand distance, stability, and
HOMO-LUMO gap of poly(dihydrogermanes) prepared via the two methods are
divergent, as evidenced in Raman spectra, pXRD pattern, and DRA analysis. TGA
revealed that poly(dihydrogermane) prepared by the two methods also have different
decomposition processes and products. The Ge—H bonds on the Ge—Ge backbone

were an excellent platform for ligand substitution. An example of thermal
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hydrogermylation reaction to produce poly(didodecylgermane) was provided.

6.2 Future Work

6. 2. 1 Other Hydrogermylation Methods on the Ge Surface or
Backbone

As briefly introduced in Chapter 1, limited methods of surface functionalization have
been established on the germanium nanostructures, and there even fewer in the case
of nanosheets and polygermane. Hydrogermylation, as a counterpart of
hydrosilylation reaction, is explored far less. Several potentially viable methods,
including etchant-assisted, plasmon-assisted, Lewis-acid catalyzed, photochemical,
and transition metal-mediated hydrogermylation, need to be explored. In Chapter 3,
the examples of thermally-induced and AIBN radical-initiated hydrogermylation are
demonstrated. We also have used XeF, as an etchant or 4-decylbenzene diazonium
tetrafluoroborate (4-DDB) as a radical initiator to assist hydrogermylation reaction on

Ge NSs surfaces (Figure 6.1).
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Figure 6.1. FTIR spectra of (a) germanane and (b-¢) dodecyl-terminated Ge NSs using the indicated
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methods: (b) thermal, (c) AIBN, (d) 4-decylphenyl diazonium tetrafluoroborate, and () XeF-.

After functionalization, similar to other hydrogermylation methods, FTIR
spectra show the concomitant appearance of v(C—H) features at 2852 cm™' and the
loss of v(Ge—H) at 2001 cm™' and w(C=C) at 3078 cm™'. One of the major
advantages of hydrogermylation using a 4-DDB or XeF» reagent at room temperature
is that it offers the opportunity of volatile ligand substitution (i.e., ethylene),'®’ further
diversifying the functional groups on Ge surfaces or backbones. The reaction of
Ge—H with alkene containing other functional groups, such as Cl, Br, F, Ceo, Ph, or

unsaturated monomers, are promising future directions.

6. 2. 2 Amination and Thiolation on the Ge Surface or Backbone

The study and development of methods for the functionalization of Ge-based
nanostructures coupled with heteroatoms is still in its infancy. Amination and
thiolation are two simple methods that have been established on other Si and Ge
based nanostructures for introducing Si/Ge—N and Si/Ge—S bonds.*®!11:154202° Apy
amination reaction on 3 nm Si QDs surface was explored previously, where the PL
wavelength of the functionalized Si QDs was altered greatly due to the introduction
of a new surface state.''> From our preliminary data, amination and thiolation
reactions occur at temperatures lower than 80 °C in neat amine, thiol, or in an
appropriate solvent (i.e., THF, toluene). In fact, the fully exfoliated [GeH:], will
change colour instantly from yellow/orange to deep red/orange upon the addition of
alkylamines at room temperature. After amination or thiolation on Ge NSs or
polygermane, FTIR spectra show the v(C—H) features at 2852 cm™! from alkylamine
and alkylthiol and the loss of Ge—H, N—H, and S—H related features (Figure 6.2).
With the wide range of commercially available amines and thiols, it is possible to
create a library of functionalities on Ge-based nanostructures via Ge—S and Ge—N

bonds.
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Figure 6.2. FTIR spectra of (a) germanane, (b) hexanethiol-functionalized Ge NSs, (c)
hexaneamine-functionalized Ge NSs, (d) poly(dihydrogermane), (e) hexanethiol-substituted

polygermane, and (f) hexaneamine-substituted polygermane.

6. 2. 3 Ketyl-radical Mediated Dehydrogenative Coupling Reaction
on the Ge NSs Surface or Polygermane Backbone

A dehydrocoupling reaction between Ge—H and Si-H is another approach of
introducing heteroatom bonding. As described in Chapter 4, this reaction can be done
by heating homogenously mixed H-GeNSs and hydriosilanes at 100 °C for 48 h. We
noticed that this reaction can be catalyzed by adding a ketyl radical at room
temperature. A ketyl group, Ro.C Oe, is the product of the 1-electron reduction of a
ketone. The sodium benzophenone ketyl is prepared usually by the reaction of
benzophenone and excess sodium metal in THF.?# It has a characteristic deep blue or

purple colour and often is used to test solvent dryness in the glovebox. Moreover,
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addition of a ketyl radical into hydridosilanes or H-Ge NS solutions will lead to the
diminishing of its colour. This process can be observed gradually during exfoliation
of germanane flakes, helping in understanding the reaction mechanism.
Octadecylsilane and (tridecafluoro-1,1,2,2-tetrahydrooctyl)silane were utilized to
evaluate the dehydrocoupling reaction on Ge NSs. FTIR spectra show the v(C—H)
features at 2852 ¢cm™! and/or v(C—F) features at ~1250 cm™! with the loss of Ge—H
and Si—H bond related features (Figure 6.3). No benzophenone related vibrations

(i.e., aryl and C=0) were observed.
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Figure 6.3. FTIR spectra of (a) germanane, (b) octadecylsilane, and (c) (tridecafluoro-1,1,2,2-

tetrahydrooctyl)silane functionalized Ge NSs. Red spectra are neat silane ligand.

Energy dispersive X-ray mapping of  (tridecafluoro-1,1,2,2-
tetrahydrooctyl)silane functionalized Ge NSs were measured under high angle
annular dark-field (HAADF) scanning mode (Figure 6.4). Regions with a
high-contrast in HAADF images consisted primarily of Ge, F, Si and C elements, as

evidenced by spatial overlapping of their Ko X-ray mapping.

131



Figure 6.4. (a) Bright-field TEM image and (b—f) HAADF-STEM images with indicated elemental
mapping of (tridecafluoro-1,1,2,2-tetrahydrooctyl)silane-terminated Ge NSs.

For a better understanding of the completion of reaction, four different
reaction sequences were attempted: (a) adding a ketyl-silane mixture into exfoliated
H-GeNSs, (b) adding a ketyl radical into the homogenously H-GeNSs/silane mixture,
(c) adding silane into the homogenously H-GeNSs/radical mixture, and (d) a one-pot
mixture of H-GeNSs, silane, and ketyl radical before exfoliation (Figure 6.5). The
FTIR spectrum shows nearly complete loss of v(Si—H) for sequence (a), suggesting
that the ketyl radical could activate the hydridosilanes. Sequences (b) and (c) show
almost identical spectra, in which not all the Si—H bonds are consumed. Additional
features of non-exfoliated germanane small flakes were presented in sequence (d).
The results from these sequences are, however, not enough to understand the catalytic
mechanism. In future work, a rigorous systematic study of the reaction mechanism is
inevitable. It is also plausible to extend the ketyl radical dehydrocoupling reaction to

other Ge/Si-based nanostructures.
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Figure 6.5. A schematic illustration of dehydrocoupling reaction sequences (top) and their FTIR

spectra (bottom).

6. 2. 4 Create Silica or Silica-Based Hybrid Patterns Using Focus Ion
Beam Lithography

Recently, helium ion microscopy (HIM), a powerful tool in high-resolution imaging
with enhanced depth of field and short De Broglie wavelength, has been developed
into a platform that provides high-resolution nanostructure fabrication by milling,

etching, deposition, and lithographic patterning in resists.?852%7

Hydrogen
silisesquioxane (HSQ) as a precursor material in Si QDs synthesis used in the Veinot
lab is also an important resist layer in electron beam lithography (EBL).?%® Therefore,

it may be a suitable resist material for focused ion beam-based (i.e., HIM) lithography.
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In order to develop nano/micropatterns, a uniform thin film of resist material with
known thickness is required. To address this, 0.05 mL of HSQ in methyl isobutyl
ketone (MIBK) at various concentrations (from 15 wt% to 0.15 wt%) were spin
coated onto freshly cleaned Si wafers at a speed of 3000 rpm (Figure 6.6). The thin
film thicknesses were confirmed using cross-section SEM, with average values of
500 nm (15 wt%), 200 nm (7.5 wt%), 50 nm (3.0 wt%), and 20 nm (1.5 wt%). The
resulting film prepared from the 0.15 wt% HSQ solution was too thin to distinguish
the thickness under cross-section SEM. Instead, only Z-contrast was observed on the
Si substrate where the thin film was peeled off (Figure 6.6 g and h). In addition to a
pure HSQ solution, a mixture of HSQ and 3 nm diameter Si QDs also was prepared

using the same procedure, aiming for the development of hybrid nano/micropatterns.

Figure 6.6. Optical images (a, b) of spin coating a HSQ layer at different concentrations, and (c) the
resulting thin films. (d—f) Cross-section SEM images of prepared thin films using concentrations of (d)
15 wt%, (e) 7.5 wt%, and (f) 3.0 wt%. (g—h) SEM image and EDS mapping of 0.15 wt% HSQ
deposited thin film.

The nano/micropatterns were designed and developed on Zeiss Orion HIM
equipped with a NanoPatterning and Visualization Engine (NPVE) software package.
All the patterns were developed on the 200 nm HSQ or HSQ/Si QDs mixture coated

Si wafer. According to a known publication, the stopping power of 15 keV He" in
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HSQ is 43 eV nm'ion!, corresponding to 0.066 mC/cm?.?® For each designed
pattern, the dose-to-print value was set to 0.050-0.10 mC/cm?, with 2 nm probe
resolution. On average, when a 40 um diameter aperture was applied, a 50 x 50 um?
sized pattern takes ~2 min to complete.
After the exposure, the samples were developed in an aqueous mixture of 1 wt%

NaOH and 4 wt% NaCl for 1 min at room temperature and rinsed with deionized
water for 30 s (Figure 6.7). Only the sufficiently crosslinked HSQ remained attached
on the Si substrate, and the substrate appeared similar to that before coating. Stains
remained on the HSQ/Si QDs mixture-coated surface, which might be due to the

inhomogeneous mixing of Si QDs in toluene with HSQ in MIBK.

Before Before

Figure 6.7. Optical images of a thin film in a salty developer (a and b), exposed HSQ thin film (c—f),
and mixed HSQ with Si QDs thin film before (c,d) and after (e,f) development.

Smooth flat surfaces with curved edges were observed under SEM for all the
created patterns (Figure 6.8). This is due to the crosslinking of HSQ occurring first at

the flat layer surface and then He"* diffusing in a cone-like interactive volume. At a
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dose of 0.050 mC/cm?, the special resolution was determined to be near 200 nm (i.e.,
densely packed patterns will merge together, as shown in Figure 6.8c and j). Smaller
doses could lead to smaller structures with higher special resolution. These patterns
did not reach the substrate so that they could be removed from the substrate during
developing (Figure 6.8.d). The patterns developed from pure HSQ are made of SiO»,
as confirmed by EDX elemental mapping and spectrum. When HSQ was mixed with

Si QDs, the background is contaminated, but the pattern developing was not affected.

Figure 6.8. SEM images of developed nano/micropatterns, using (a—g) pure HSQ resist and (h—k)
HSQ/Si QDs mixed resist. (f and g) O and Si elemental mapping of (e).

In future work, many directions, such as more delicate nano/micropatterns
designing, pattern transferring, homogenous blending of resist material, the
combination of cross-linking lithography and He*/Ga* ion milling, post-patterning

functionalization, and opto-device fabrication, still need to be further explored.
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