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Abstract 

Germanium nanoparticles (GeNPs) have immense potential in various applications, such 

as opto-electronics, batteries, bioimaging, etc. Germanium has a small band gap (0.67 eV 

in bulk), large exciton Bohr radius (~24 nm), high absorption coefficient (ca. 2.0 × 105 

cm-1 at 2 eV), and high carrier transport (µe = 3900 cm2V-1S-1, µh = 1900 cm2V-1S-1). 

Despite the favourable opto-electronic properties, their potential cannot be utilized fully 

due to the lack of a robust synthetic method, complex surface chemistry, and non-uniform 

shape and size distribution. Significant research has been done over the past years; 

however, unlike silicon nanoparticles, the chemistries are often unpredictable. Till now, 

synthetic strategies could not achieve spherical GeNPs. There are examples of cubic and 

hexagonal shapes, but their distributions are not uniform. In addition to size and shape, 

surface chemistries of GeNPs also are not explored much. Hydrogermylation has been done 

on the surface of GeNPs, but there are other surface reactions that need to be explored, 

such as dehydrocoupling. In this thesis, dehydrocoupling surface reactions were studied. 

GeNPs also were applied as a dopant to enhance the efficiency of the polymer solar cells. 

The thesis starts with an introduction to germanium nanoparticles, their common 

synthetic procedures, surface passivation strategies, properties, and applications. Chapter 

2 focuses on the synthesis and surface functionalization of GeNPs via dehydrocoupling. A 

series of reactions were performed with hydride-terminated GeNPs (H-GeNPs) and 

octadecylsilane to determine the optimum reaction conditions. Then, 

dimethyloctadecylsilane and hydride-terminated polydimethylsiloxane were reacted with 

H-GeNPs to passivate the surface of H-GeNPs. Hydrogermylation with 1-octadecene also 

was carried out in order to compare their reactivity. In Chapter 3, GeNPs were used as a 



 iii 

dopant or efficiency enhancer in the active layer of polymer solar cells. Upon addition of 

small amounts of GeNPs, the efficiency of solar cells was improved. Chapter 4 focuses on 

the synthesis of GeNPs via induction heating, which allows for repeated fast heating and 

cooling cycles in order to obtain a better shape and size distribution of GeNPs. Finally, 

Chapter 5 summarizes the outcome of the experimental results and describes future 

directions.  
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Chapter 1 
 
Introduction 
 

1.1 Nanomaterials 
According to the European Commission, “Nanomaterial means a natural, incidental, or 

manufactured material containing particles, in an unbound state or as an aggregate or as an 

agglomerate and where, for 50% or more of the particles in the number size distribution, 

one or more external dimensions is in the size range 1 nm–100 nm”.1 Lowering the size 

brings a lot of changes in the properties of the materials. Therefore, nanomaterials have 

applications in many different fields, including electronics, energy harvestings, sensors, 

medicines, etc. There are four types of nanomaterials depending upon the dimensionality 

of the materials, i.e. zero-dimensional (e.g., quantum dots, fullerene), one-dimensional 

(e.g., nanotubes, nanowires), two-dimensional (e.g., graphene), and three-dimensional 

(e.g., nanocomposites).2 To put things into perspective, a comparison between 

nanomaterials and bulk objects are shown in Figure 1.1. 

 

 
Figure 1.1. A size comparison between nanomaterials with other large-sized materials. 
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1.2 Quantum Dots and Quantum Confinement 
When semiconductor nanoparticles have a smaller size than the exciton Bohr radius, they 

are called quantum dots (QDs).3 Their sizes often are 1–10 nm for most semiconductors. 

In addition, QDs show size- and surface-dependent photoluminescence (PL).4 When UV 

light is shone on QDs, an electronic transition occurs from the valence band to the 

conduction band leaving holes. The electrons and holes electrostatically bound to each 

other are called excitons. When the electrons relax back to the valence band, the resultant 

energy is radiated as photoluminescence. Due to the small sizes of QDs, they often are 

referred to as artificial atoms.5,6 Their properties lie between the bulk semiconductors and 

the discrete atoms or molecules. The reason QDs show different properties from the bulk 

semiconductors is due to a phenomenon called the quantum confinement effect.7 As the 

size of a bulk semiconductor decreases, the density of the energy states decreases, and the 

energy difference (band gap) between the valance band and the conduction band increases. 

Thus, lowering the size of QDs shows a blue shift in the photoluminescence.8 Figure 1.2 

shows different colors of PL originating from the different sizes of CdSe/ZnS core-shell 

nanocrystals and the change of band gap due to the quantum confinement effect. 

 

 

Figure 1.2. (a) Cartoon, photograph, and PL spectra illustrating the color changes of CdSe/ZnS with 

increasing nanocrystal size. (b) An increase in the band gap of QDs with a decrease in their size due to the 

quantum confinement effect.8 Reprinted with permission from reference 8. Copyright 2011 American 

Chemical Society. 

 

Different kinds of quantum dots have been studied in the last decades. Cd- and Pb-

based quantum dots were explored more due to their unique opto-electronic properties, 
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such as tunable photoluminescence, high quantum yield, narrow PL width, and good 

photostability. Examples are CdSe,9 CdS,10 PbSe,11 PbS,12 InP,13 InAs,14 Si,15 Ge,16 etc. 

QDs have shown applications in LEDs,17 bioimaging,18 photovoltaics,19 photodetectors,20 

photocatalysis,21 etc. 

 

1.2.1 Group 14-Based Quantum Dots 
Although QDs have remarkable properties and applications, their practical utility is limited 

due to their toxicity. Most QDs contain a heavy metal, such as cadmium (Cd) or lead (Pb). 

Research has shown that CdSe QDs are toxic to the cells and can build up in vital organs 

on prolonged exposure. The European commission has restricted the use of heavy metal 

containing materials in consumer electronics.22 Therefore, research on nontoxic QDs has 

increased significantly in the last couple of years, and the attention is on Group 14 elements 

because of their non-toxicity and environment friendly characteristics. Carbon based QDs, 

such as carbon quantum dots (CQDs) and graphene quantum dots (GQDs), are showing 

potential applications in electroanalysis and bioimaging.23 Silicon and germanium QDs 

also have shown promising applications in displays, photocatalysis, bioimaging, and 

photovoltaics.22,24 Although, the synthesis, reactivity, and properties of Si QDs have been 

well studied and understood, Ge QDs have been investigated less and it is a challenge to 

synthesize well defined sizes and shapes of Ge QDs. 

 

1.3 Germanium Nanoparticles 
Germanium nanoparticles (GeNPs) are of research interest for their application in various 

fields, such as solar cells, field-effect transistors, memory devices, photodetectors, and 

biological imaging.25 The GeNPs offer a lower toxicity and a more environmentally 

friendly alternative to common narrow band gap semiconductor nanoparticles that contain 

toxic metals, such as Pd, Cd, or Hg. They have a small band gap (0.67 eV in bulk) and 

show the quantum confinement effect in relatively larger particles (~24 nm exciton Bohr 

radius).22  

To understand the properties and explore the applications of GeNPs, it is important 

to synthesize them controllably with well-defined sizes and shapes. For other nanoparticle 

systems, such Cd and Pb, researchers gained knowledge on how to control the size, shape 
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and uniformity, but such knowledge could not be obtained for germanium. The limitations 

are mainly due to the complexity of their synthesis. Germanium is an extended covalent 

crystal that is difficult to prepare on the nanoscale.25 Harsh chemicals, such as sodium 

metal, metal hydrides, n-butyllithium, sodium naphthalide, etc., are required to synthesize 

GeNPs from their salts. Despite that, significant research has been done to control their 

synthesis and understand their properties. The following sections will highlight some of 

their synthesis, surface functionalization, and optical properties. 

 

1.3.1 Synthesis of Germanium Nanoparticles 
The synthesis of GeNPs can be divided broadly into two categories: physical and chemical 

methods. Physical methods include chemical vapor deposition (CVD),26 etching,27,28 

plasma techniques,29,30 gas-phase pyrolysis,31 laser ablation,32 sputtering,33 and ion 

implantation.34 Chemical methods include chemical reduction, thermal reduction, thermal 

decomposition, and metathesis reactions.25 The discussion will focus mainly on the 

chemical methods for the synthesis of GeNPs. 

 

1.3.1.1 Chemical Reduction of Germanium Compounds 

Chemical reduction of germanium compounds was performed mainly on germanium 

halides, such as GeCl4, GeI4, and GeI2. GeCl4 was used to synthesize GeNPs by Weller and 

coworkers. The authors used lithium naphthalide to reduce Ge(IV) to Ge(0) and CH3SiCl 

to passivate the dangling bonds on the GeNP surfaces, but the particles were polydisperse.35 

Sodium naphthalide was used to reduce GeCl4 by Lee et al.36 and Chiu et al.37,38 A hydride 

reducing agent, such as NaBH4, LiBH4, and N2H4.H2O, was used first by Jiang and 

coworkers to reduce GeCl4 ultrasonically at room temperature.39 The authors synthesized 

3–11 nm GeNPs with a broad size distribution. Later, Tilley and coworkers reduced GeCl4 

by LiAlH4, Li(C2H5)3BH, LiBH4, and NaBH4. The GeNPs were passivated by allylamine 

using H2PtCl6 as a catalyst at room temperature, and they obtained monodisperse GeNPs 

ranging from 4.0 to 5.5 nm.40 Carolan and Doyle extended the hydride reduction of GeCl4 

by formation of an inverse micelle to control the growth of GeNPs.41 The authors used 

cationic quaternary ammonium salts, tetrabutylammonium bromide (TBAB), 

tetrahexylammonium bromide (THAB), tetraoctylammonium bromide (TOAB), and 
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tetrakis(decyl)ammonium bromide (TKAB), to control the growth of GeNPs, and then 

passivated them by allylamine using H2PtCl6 as a catalyst, similar to Tilley and coworkers. 

These water soluble GeNPs were fairly monodisperse, ranging from 3.5 to 4.5 nm (Figure 

1.3). 

 

 
Figure 1.3. Bright-field Transmission Electron Microscopy (TEM) images of Ge nanocrystals (GeNCs) 

synthesized using the various cationic surfactants (a) TBAB, (b) THAB, (c) TOAB, and (d) TKAB. Inset: 

size histograms of Ge NCs with curves fitted to the data using a Gaussian model.41 Reprinted with permission 

from reference 41. Copyright 2014 Royal Society of Chemistry. 

 

GeI4 and GeI2 were reduced by a different reducing agent to synthesize GeNPs.42,43 

Schaak and coworkers mixed GeI4 with hexamethyldisilazane (HMDS), oleylamine, and 

oleic acid at 260 ºC.42 By changing the amount of GeI4, 6, 12, and 22 nm GeNPs were 

synthesized. Neale and coworkers synthesized alkyl-terminated GeNPs by reducing 

GeI4/GeI2 mixtures.44 The proposed mechanism was to seed Ge(0) by the reduction of 

Ge(II) at 220 ºC; growth occurs from the reduction of Ge(IV) at 250–300 ºC. A mixture of 

GeI4/GeI2 also was reduced by oleylamine by heating in a microwave oven or in a 

conventional furnace by Kauzlarch and coworkers.45 The authors were able to obtain 4–11 

nm sizes of GeNPs with a simple and safe method without using a strong reducing agent. 

Recently, Pescara et al. synthesized oleylamine- and hexadecylamine- capped GeNPs by 

reduction of triphenylgermanium chloride by sulphur.46  

 

1.3.1.2 Thermal Reduction of Germanium Precursors 

Thermal reduction of germanium precursors is involved mainly in the reduction of sol-gel 

derived polymers. Veinot and coworkers47 reported a sol-gel polymer, (C6H5GeO1.5)n, 

derived from trichlorogermane. Upon heating at 500 ºC in 5% He/95% Ar or at 600 ºC in 
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100% Ar, the polymer decomposes via disproportionation and reduction pathways to form 

crystalline GeNPs embedded in a GeO2 matrix. The GeO2 matrix was dissolved in hot 

water, and the GeNPs were liberated. Similarly, sol-gel derived GeNPs were reported by 

Ozin et al.48 and Boyle et al.49,50  

Recently, Javadi et al.51 reported a synthesis of Ge(OH)2, which then undergoes 

thermal disproportionation at 400 ºC to yield GeNPs embedded in a GeO2 matrix (Figure 

1.4). The GeO2 matrix was dissolved by ethanolic hydrofluoric acid, and the obtained 

hydride-terminated GeNPs were subjected to thermal and radical hydrogermylation to 

yield dodecyl-GeNPs.  

 

 
Figure 1.4. (a) (1) Thermal processing of Ge(OH)2 at T = 400 °C in Ar, (2) liberation of H-GeNPs via HF 

etching, and (3) functionalization/surface modification of GeNPs through hydrogermylation. (b) Bright-field 

TEM image of dodecyl-GeNPs prepared by thermal hydrogermylation.51 Reprinted with permission from 

reference 51. Copyright 2017 American Chemical Society. 

 

1.3.1.3 Thermal Decomposition of Germanium Precursors 

Thermal decomposition of organogermane includes the decomposition of zero-valent 

organogermane precursors to the elemental germanium at a high temperature. Gerion et 

al.52 reported that tetraethylgermane decomposed in a high-pressure reactor at 430 ºC to 

yield crystalline GeNPs embedded in a hydrocarbon matrix. Zaitseva et al.53 reported a hot 
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injection method to produce GeNPs by injecting organogermane precursors, such as 

trichlorogermane, tetramethylgermane, tetraethylgermane, and tetrabutylgermane, into 

pre-heated organic solvents, such as trioctylamine, squalene, and octacosane. They 

obtained 2–7 nm GeNPs from tetrachlorogermane and 4–15 nm GeNPs from 

tetrabutylgermane in squalene.  

Purkait et al.54 reported a one-pot synthesis of alkyl-GeNPs by decomposition of a 

Ge(II) dihydride at 190 ºC via hot injection and microwave irradiation. The synthesis and 

surface functionalization occurred in-situ in the presence of capping ligands; they obtained 

10-nm particles via hot injection and 5-nm particles via microwave irradiation (Figure 1.5). 

Korgel et al.55 introduced a supercritical fluid method of synthesizing GeNPs by using 

tetraethylgermane at 400–550 ºC and 20.7 MPa pressure in a continuous flow reactor. 

 

 
Figure 1.5. Synthesis and functionalization of GeNPs by decomposition of Ph3PCMe2·GeH2·BH3 (Top). 

Representative bright field TEM images of dodecyl-GeNPs via (a) thermal and (a) microwave irradiation. 54 

Reprinted with permission from reference 54. Copyright 2015 Royal Society of Chemistry. 
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1.3.1.4 Metathesis Reactions of Germanium Zintl Salts  

An alternative way to obtain GeNPs was demonstrated first in 1998 by Kauzlarich and 

coworkers, who exploited metathesis reactions between sodium germanide (NaGe) and 

GeCl4.56 More experiments were performed by the Kauzlarich group to obtain GeNPs using 

different Zintl salts, such as KGe and Mg2Ge, which were reacted with GeCl2 and GeCl4, 

respectively, over the last couple of years.57–59 The McMillan group also exploited the 

synthesis of GeNPs from Mg2Ge and GeCl4 and studied their formation by in-situ 

XAS/EXAFS.60 The authors concluded that the solvent should be extremely dry in order 

to avoid oxide formation, but they only obtained amorphous GeNPs by this method. 

Recently, Qian and coworkers61 synthesized mesoporous GeNPs by the metathesis 

reaction of Mg2Ge and ZnCl2 in an autoclave at 300 ºC (Figure 1.6). The mesoporous 

GeNPs were used for lithium ion battery applications. 

 

 
Figure 1.6. Synthesis of mesoporous GeNPs via a Zintl salt metathesis reaction (top). Representative (a) 

scanning electron microscopy (SEM) image and (a) a bright-field TEM image mesoporous GeNPs.61 

Reprinted with permission from reference 61. Copyright 2018 Royal Society of Chemistry. 
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1.3.2 Surface Passivation Strategies 
The surfaces of GeNPs are extremely air and moisture sensitive, and they need to be 

protected by surface capping agents or ligands, which shield the nanoparticle surface from 

oxidation. In most cases, semiconductor nanoparticles are passivated with a surface ligand 

to exploit their solution processability. In addition, ligands control their growth rate, crystal 

structure, and morphology before nucleation. After nucleation, they stabilize the particles 

and protect them from further growth and aggregation. Ligands also impact the optical 

properties of GeNPs.62 Surface passivation reactions on GeNPs are broadly of two types: 

organic and inorganic passivation. In organic passivation, organic molecules react to form 

covalent bonds on the surface of GeNPs, while in inorganic passivation, another 

semiconductor grows epitaxially on the surface of GeNPs. 

 

1.3.2.1 Reactions of Hydride-terminated GeNPs 

Hydrides are the most commonly encountered capping groups during the synthesis of 

GeNPs. However, the Ge–H bond is highly reactive to air/moisture and produces oxide-

terminated GeNPs upon exposure to air. Therefore, a protective shell needs to be made in 

order to utilize GeNPs in applications. Hydrogermylation is the most widely used approach 

to passivate the surface of GeNPs. The reactions involve a hydride-terminated GeNP and 

an alkene/alkyne. The reaction proceeds via heat, UV light, a radical initiator, or a catalyst. 

The key to this reaction is to form a strong covalent bond (Ge–C) in order to acquire long 

term photostability or dispersibility in a wide range of solvents.  

Kortshagen and coworkers30 obtained hydride-terminated GeNPs (H-GeNPs) by 

plasma methods using GeCl4 and H2 flow. Next, the H-GeNPs were subjected to 

hydrogermylation with 1-dodecene at 165 ºC to obtain dodecyl-passivated freestanding 

GeNPs. Similarly, Veinot and coworkers63 reduced GeI4 by LiAlH4, and the resulting H-

GeNPs were subjected to hydrogermylation with n-undecene to obtain n-undecenyl-

GeNPs. The alkyl groups generally facilitate the solubility of the GeNPs in a non-polar 

solvent. To address the solubility in a polar solvent, Tilley and coworkers64 prepared 

allylamine-passivated GeNPs. Purkait et al.54 synthesized 5.35 nm dodecyl-GeNPs that are 

soluble in a non-polar solvent and 3-dimethylamino-1-propene capped GeNPs that are 



 10 

soluble in a polar solvent. Using similar chemistry, Carolan et al.65 synthesized epoxy, 

acetate, amine, carboxylic acid, and alkyl terminated GeNPs, which showed tunable 

photoluminescence by surface bonded ligands (Figure 1.7). Similar observations also were 

reported by McVey et al.66  

 

 
Figure 1.7. Schematic drawings of the synthesis of GeNPs and normalized PL spectra (λex: 370 nm) of 

chloroform dispersions of GeNPs terminated with each of the different functional groups.65 Reprinted with 

permission from reference 65. Copyright 2017 Wiley -VCH GmbH & Co. KGaA, Weinheim. 

 

1.3.2.2 Reactions of Halide-terminated GeNPs 

Halide-terminated germanium nanoparticles (X-GeNPs) are another air- and moisture-

sensitive surface group that forms during the synthesis of GeNPs while a Zintl salt 

metathesis reaction between a metal germanide and a germanium halide occurs. Then the 

X-GeNPs are subjected to reactions with alkyl lithium and Grignard reagent to form alkyl-

terminated GeNPs. For example, Kauzlarich and coworkers obtained alkyl, acetals, 

alcohols, esters and polymers passivated GeNPs using a metathesis approach of germanium 

Zintl salts (Figure 1.8).59 
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Figure 1.8. The synthesis of GeNPs via a metathesis reaction between Ge Zintl salts and GeCl4 and examples 

of bright field TEM images and a size distribution histogram.57 Reprinted with permission from reference 57. 

Copyright 2008 Elsevier Inc. 

 

1.3.2.3 Inorganic Passivation of GeNPs 

Surface passivation of GeNPs is applied mostly via organic molecules that involves either 

Ge–C or Ge–Si bond on the surface.25,35 The inorganic passivation is popular among Group 

II–VI, IV–VI, and III–V semiconductors.67 Guo et al. reported a successive ion layer 

adsorption and reaction (SILAR) method to grow a CdS and ZnS shell epitaxially on the 

surface of the Ge nanocrystal.68 The authors observed that the presence of an epitaxial II–

VI shell enhances the near-infrared photoluminescence greatly and also improves the 

photoluminescence stability of Ge.  

Kortshagen and coworkers69 reported a gas phase synthesis of core-shell Ge/Si NPs 

in a flow-through nonthermal plasma reactor. The authors studied the growth of the Si shell 

on GeNPs by varying the amount of SiH4 gas in the reactor and observed it by scanning 

transmission electron microscopy–energy dispersive X-ray (STEM-EDX) mapping 

(Figure 1.9). 

 



 12 

 
Figure 1.9. (a) Schematic drawings of the follow-through nonthermal plasma reactor to synthesize core-shell 

Ge/Si nanocrystals and (b) high angular annular dark field image (HAADF) and STEM-EDX mapping of a 

Ge/Si nanocrystal. Reprinted with permission from reference 69. Copyright 2017 American Chemical 

Society. 

 

1.3.3 Optical Properties of GeNPs 
The origin of photoluminescence of Ge quantum dots has been a debate for almost 28 years 

after the first discovery of GeQDs PL by Maeda et al. in 1991.70 Germanium is an indirect 

band gap semiconductor similar to silicon. Veinot and coworkers investigated the quantum 

confinement effect of different sizes of GeNPs and observed their band gaps using scanning 

tunneling microscopy (STM).71 According to the band gap report, GeNPs should give 

emission at the near infrared (NIR) region. In fact, NIR emission was observed in the 

research of Klimov, Neale, and Kortshagen research groups from alkyl passivated 

GeNPs.44,72,73  

In contrast, a significant number of researchers found visible PL in GeNPs. However, 

it is difficult to understand whether the luminescence is due to the confinement effect or 

the surface defects. Researchers often report contradictory results even in their own 

publications. For example, the Kauzlarich group showed blue PL from alkyl-GeNPs, which 

was attributed to quantum confinement, and in another study, they attributed it to the 

surface defects.56–58 Doyle and coworkers showed size dependent visible PL, which was 

attributed to quantum confinement, and later they reported a surface dependent PL property 

of GeNPs (Figure 1.10).41,65 Similarly, Tilley and coworkers reported a size dependent PL 

in 2010 and a surface dependent PL in 2017.40,66  
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Figure 1.10. (a) PL emission of allylamine capped GeNPs with different sizes attributed to the quantum size 

effect41 and (b) PL emission of 4.1 nm GeNP having different functional groups attributed to the surface 

effect.65 Reprinted with permission from reference 41 and 65. Copyright 2014 Royal Society of Chemistry. 

Copyright 2017 Wiley -VCH GmbH & Co. KGaA, Weinheim.  

 

A conclusive explanation was reported by Little et al.,74 who investigated the origin 

of PL of hydride-terminated and oxide-terminated GeNPs using optically-detected X-ray 

absorption spectroscopy (OD-XAS). The authors concluded that in oxidized particles, the 

PL emission due to the surface oxides and in hydride-terminated particles is from a 

disordered structure in the surface. Again, if we look carefully at the visible emitting 

particles, they either have nitrogen containing ligands or their synthesis was carried out in 

a nitrogen containing solvent. In fact, Veinot and coworkers provided conclusive evidence 

that the presence of nitrogen containing ligands leads to blue PL in GeNPs.54 The authors 

synthesized ca. 5 nm dodecyl-GeNPs and 3-dimethylamino-1-propyl-GeNPs, where the 

alkyl capped particles did not show any visible PL, while the amine capped particles 

showed blue PL at 510 nm. The presence of PL in the GeNPs that were prepared by hydride 

reducing agents and Zintl salts are still unknown; this might be due to the use of chemicals 

containing a metal, such as Li, Na, Mg, etc. during their synthesis. However, careful 

research should be done before making such an assumption. 

 

1.3.4 Applications of GeNPs 
Colloidal germanium nanoparticles have been used in the application of optoelectronic 

devices, biological imaging, and lithium ion batteries.25 



 14 

1.3.4.1 Optoelectronic Applications 

Germanium nanomaterials find their use in optoelectronic applications due to their small 

band gap (0.67 eV in bulk), a high carrier mobility (µe = 3900 cm2 V-1 S-1, µh = 1900 cm2 

V-1 S-1), a large absorption coefficient (~2 × 105 cm-1 at 2 eV), and a large exciton Bohr 

radius (~24 nm).25 Many research groups have shown optoelectronic applications of 

GeNPs. 

Kortshagen and coworkers75 synthesized alkyl-GeNPs using a gas phase synthesis in 

a plasma reactor, followed by thermal hydrogermylation to facilitate colloidal 

dispersibility. The authors used the particles to fabricate field effect transistors (FETs) by 

spin coating of GeNPs onto Au/Si/SiO2 substrates. The device showed conductivities of 

10-8 S-1 in the dark, and 10-7 S-1 when illuminated. The off-current increased by two orders 

of magnitude by annealing, with the mobility of 10-2 cm2 V-1 S-1. On-to-off ratios of FETs 

of up to 103 were achieved. The authors also generated n-type, ambipolar, or p-type 

behavior by varying the annealing profiles.  

Recently, Liu et al.76 reported a synthesis of Ge quantum dots (GeQDs) onto a 

reduced graphene oxide (rGO) to improve the low IR photoresponses of pristine rGO in an 

IR photodetector. The photocurrent of the device was matched with the absorption 

properties of GeNPs rather than rGO. In addition, the device showed a high on-off current 

ratio and a fast response (Figure 1.11). The fast response of the device was attributed to 

effective charge separation and charge transfer at the interface of GeNPs/rGO. Other 

researchers also have shown the use of GeNPs in FETs, photodetectors, and solar cells.76–

81 
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Figure 1.11. Structure schematic of the GeQDs-RGO/ZnO heterostructure photodetector (left) and 

photocurrent variation of the GeQDs-RGO/ZnO device exposed to different values of incident IR light 

(right).76 Reprinted with permission from reference 76. Copyright 2015 American Chemical Society. 

 

1.3.4.2 Lithium-Ion Battery Applications 

In recent years, the development of new electrode materials for lithium-ion batteries (LIBs) 

has shifted to nanomaterials. Germanium nanomaterials are a very attractive choice in LIBs 

because of their high electrical conductivity, fast lithium ion diffusivity, and a large 

theoretical capacity (1600 mAh g-1).82 In addition, germanium nanomaterials offer a 

superior mechanical stability from volume expansion and pulverization during lithiation 

and delithiation to the anodes.83 Germanium nanoparticles and their composite with various 

carbonaceous materials, e.g., graphene, reduced graphene oxides, carbon nanotubes, 

carbon nanowires, carbon nanofibers, have shown significant advancement in the capacity 

and the cycle stability of LIBs.36,84–100 

Yuan and coworkers101 synthesized GeNPs on reduced graphene oxide (rGO) sheets 

by a one-pot heating method and subsequently carbonized them at 500 ºC in a reducing 

atmosphere (5% H2/95% Ar) to obtain GeNPs/rGO/C nanocomposites. Galvanostatic 

performance of the GeNPs/rGO/C anode with a current rate of 0.2 C showed irreversible 

capacity loss at the first cycle. However, the capacity remained constant after 600 cycles 

at 1 C after initial capacity loss, and the cycling at 2 C caused only 10% capacity loss; the 

practical capacity of GeNPs was calculated to be 1332 mAh g-1. A full cell was fabricated 

using LiCoO2 as a cathode and the GeNPs/rGO/C composite as an anode. The cell showed 

an excellent capacity of 1000 mAh g-1. Interestingly, the authors also fabricated a 

commercial aluminum pouch type LIB, which showed a capacity over 20 mAh g-1 and was 
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used to power a scrolling LED display and an electric fan (Figure 1.12). Six parallel 

connected cells were used to power over 150 LED bulbs (5 mm in size) as well as 

commercial blue LED arrays. 

 

 
Figure 1.12. GeNPs/rGO/C composite aluminum-pouch-type Li-ion batteries were used to power different 

electronic devices, including (a) an LED array containing over 150 bulbs, (b) blue LED bulbs, (c) a scrolling 

LED, and (d) an electric fan.101 Reprinted with permission from reference 101. Copyright 2014 American 

Chemical Society. 

 

1.3.4.3 Application in Bioimaging, Cancer Targeting, and Chemical Sensing  

One of the attractive applications of semiconductor quantum dots, such as CdSe, is in 

biological imaging since their surfaces can be rendered biocompatible, and they have size-

tunable photoluminescence.102 However, their toxicity poses serious concerns. Germanium 

nanoparticles offer the traditional optical properties of quantum dots without the 

incorporation of toxic elements, such as Cd, Hg, and Pb, and they also offer improvements 

over molecular dyes, such as stability, signal strength, and lifetime.40,64  

Boyle and coworkers103 synthesized hexadecylamine capped colloidal GeNPs with a 

diameter of 3–5 nm by decomposition of Ge[N(SiMe2)2]2 at 300 ºC. GeNPs were rendered 

water-soluble by carboxy-polyethylene glycol (PEG) phospholipids and were 

functionalized with carboxyfluorescein-PEG and dinitrophenyl substituted PEG. The 

carboxyfluorescein group binds with the anti-DNP immunoglobin E (IgE)-cell surface 
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receptor on the outer surface of rat basophilic leukemia (RBL-2H3) cells and show 

fluorescence cell imaging capability. The nanoparticles were non-toxic and demonstrated 

photothermal activity upon excitation by a laser (Figure 1.13a). Similarly, water soluble 

allylamine capped GeNPs have been used as imaging agents in HepG2 cells and were 

shown to have relatively low toxicity at a concentration of 100 µg/mL (Figure 1.13b).40 

GeNPs also were subjected to cervical carcinoma (HeLa) cells, and the cell viability was 

investigated.16 Nanoparticle concentrations at or below 100 nmol gave a cell viability close 

to the control experiment and were less toxic then commercially available CdSe/ZnS QDs 

(Figure 1.13c).  

 

 
Figure 1.13. (a) Fluorescence microscopy image showing Ge nanoparticles functionalized with 

carboxyfluorescein-labeled dinitrophenyl groups crosslinking with dinitrophenol-specific IgE antibodies on 

the surface of the mast cells.103 (b) Overlay of transmission and fluorescence images of HepG2 cells with 

hydrophilic allylamine capped Ge nanoparticles transfected into the cytosol.40 (c) Cell viability of Ge NPs 

(denoted as CS1) and comparison with commercial CdSe/ZnS QDs.16 Reprinted with permission from 

reference from 103, 40, and 16. Copyright 2007 Wiley-VCH GmbH & Co. KGaA, Weinheim. Copyright 

2010 American Chemical Society. Copyright 2016 Royal Society of Chemistry. 

 

Doyle and coworkers104 applied their blue luminescent water soluble amine-

terminated GeNPs as a fluorescent sensor for Fe3+. The authors performed experiments 

with several metal ions, such as Al3+, Cd2+, Co2+, Cu2+, Fe2+, Fe3+, Hg2+, Mn2+, Ni2+, Pb2+, 

Pd2+, Pt4+, and Zn2+. Upon exposure to a 50-µM Fe3+ solution, the PL of GeNPs decreased 

by 20%, while the PL decreased by less than 5% for the other metals (Figure 1.14). The 

limit of detection was observed to be as low as 0.83 µM. Again, the GeNPs could sense 

Fe3+ in tap, river, and lake water despite the presence of contaminants.104 
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Figure 1.14. Detection of Fe3+ ion in water by quenching of the blue luminescent germanium nanocrystals 

(Ge NCs).104 Reprinted with permission from reference 104. Copyright 2015 Royal Society of Chemistry. 

 

1.4 Polymer Solar Cells 
Utilization of the solar energy has become a very important way forward to meet the 

world’s energy demands. The continuous burning of fossil fuels led to the pollution and 

the global warming due to the production of CO2 and other greenhouse gases.105 World 

energy consumption is predicted to increase by 28% between 2015 to 2040, with the 

majority of the projected demand coming from developing countries.106 Photovoltaics is 

an established method for the electricity generation, although the high cost and low 

conversion efficiencies are major drawbacks in the development of solar energy as the 

primary energy source. Inorganic semiconductor silicon-based solar cells are established 

and deployed worldwide, but limitations do exist.107  

Photovoltaic technologies are divided broadly into three generations. The first-

generation photovoltaics are based on the crystalline silicon wafers having 15–20% power 

conversion efficiency (PCE). However, their mass utilization is not viable due to the 

rigidity of the structure, and their high cost.108 Second-generation solar cells are based on 

CdTe, CIGS, etc., which have 10–15% efficiency. The third-generation solar cells are made 

of semiconductor organic molecules, inorganic nanoparticles or quantum dots, and hybrid 

organic–inorganic materials; examples are dye-sensitized solar cells (DSSCs),109 organic 

solar cells (OSCs),110 perovskite solar cells,111 and quantum dot sensitized solar cells 
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(QDSCs).112 These solar cells have tremendous potential as an alternative to the silicon 

solar cells in terms of ease of fabrication and cost, but their main drawback is stability. For 

example, perovskite solar cells attained 25% efficiency, but they are not stable in the long 

term and they contain toxic metals that pose environmental threats.113,114  

Organic solar cells (OSCs), also called polymer solar cells (PSCs), are composed of 

abundant and non-toxic material. It is possible to produce them in a large scale, low-cost, 

and roll-to-roll fashion. The efficiency of organic solar cells is increasing steadily over 

time, with a current highest efficiency of 16%.115 Therefore, the combination of efficiency 

enhancement and scalable manufacturing raises the hope that they may serve as an 

economically viable renewable energy technology.116–118 

 

1.4.1 Basic Working Principle of Polymer Solar Cells 
In a polymer solar cell, a donor polymer and an acceptor organic molecule form an active 

layer. The operation of a solar cell involves five physical phenomena: photon absorption, 

exciton diffusion, exciton dissociation, charge transport, and charge collection.105 The 

process of photogeneration and charge transport from a photoactive layer to an external 

circuit are depicted in Figure 1.15. 
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Figure 1.15. The fundamental processes responsible for the photocurrents within a photoactive 

donor/acceptor layer. The processes involve (a) light absorption and photogeneration of an exciton, (b) 

exciton diffusion at the donor–acceptor interface, (c) charge separation or exciton dissociation, (d) charge 

transport to the photoactive layer/electrode interface, and (e) collection of charges by the electrodes.105 

Reprinted with permission from reference 105. Copyright 2018 Springer International Publishing. 

 

At first, an exciton is generated due to the absorption of light by the donor material 

of an organic solar cell. An exciton is an electrostatically bound electron-hole pair with a 

binding energy of 1–0.3 eV. Ideally, all photoexcited excitons should reach the dissociation 

site or the interface of the donor–acceptor. Excitons in semiconducting polymers have a 

diffusion length of less than 10 nm and recombine (annihilate) rapidly due to their short 

life.119,120 Careful combination of the donor and acceptor is required in order for them to 

dissociate or separate at the interface. Once the exciton has dissociated, the free electrons 

and holes migrate to the photocathode and photoanode, respectively. Migration of charge 

occurs due to the driving force gradient in the chemical potentials of the electrons and holes 

at the donor–acceptor (D-A) junction.121 The morphology of the semiconducting 

polymers/molecules plays a vital role during the transport of charge to the respective 

electrode. After the charge transport occurs, this charge needs to collect effectively in order 

to get electrical output. The charge collection is sensitive to the electrical contact between 

the photoactive layer and the electrode and decreases if the interfacial connections are 
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highly resistive. Ion or metal diffusion into the organic layer,122 interfacial dipoles at the 

contact,123 band bending,124 and chemical reaction125 can all influence the injection process. 

 

1.4.2 Polymer Solar Cell Architecture 

The simplest polymer solar cell consists of a transparent anode, an organic semiconductor, 

and a cathode. In such a solar cell, charge separation can occur only at the interface of the 

organic layer and the contacts (Figure 1.16a). Due to a strong recombination, this 

architecture shows poor efficiency.126  

 

 
Figure 1.16. Schematic illustration of (A) a single layered organic solar cell, (B) a bi-layer solar cell, (C) 

exciton dissociation at the donor–acceptor (D-A) heterojunction in an organic solar cell, and (D) a bulk 

heterojunction solar cell.126 Reprinted with permission from reference 126. Copyright 2008 Elsevier Inc. 

 

In a bilayer solar cell, a thin layer of an electron donor material is applied on a thin 

layer of an electron accepting material. The two-component active layer is sandwiched 

between the anode (donor side) and the cathode (acceptor side). A donor material is a 

semiconducting polymer that absorbs visible light, and electrons are excited from the 

highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital 

(LUMO) level (Figure 16b). An acceptor material should have a lower HOMO and LUMO 
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level than the donor. Fullerenes are probably the most common acceptor materials studied 

in organic solar cells. Fullerenes typically show poor optical absorption in the visible 

spectrum. Thus, the excitons are created mainly in the well absorbing donor polymer, and 

only the excitons created within the exciton diffusion length from the interface are 

dissociated. This type of architecture has shown better efficiency than the single layer solar 

cells due to increased exciton dissociation and reduced recombination issues. However, the 

overall device efficiency is limited by the exciton diffusion length and the small interfacial 

area at which exciton dissociation takes place. 

The bulk heterojunction (BHJ) solar cell was introduced to overcome the poor 

efficiencies that arise due to excitons being generated too far from the planar 

heterojunction. In this structure, an interpenetrating network of donor and acceptor is made 

by mixing, so that the D-A interface is never far (Figure 16c).127,128 This facilitates better 

charge separation and, as a result, better solar cell efficiency. The solution-processed active 

layer in a BHJ structure ensures low cost of fabrication and simplicity. The donor and the 

acceptor should be soluble in a common solvent. A solvent has a profound effect on the 

morphological characteristics of the active layer and, thereby, the opto-electronic 

properties of the solar cell.129,130 

 

1.4.2.1 Forward and Inverted Structure of the BHJ Solar Cells 

In a forward solar cell, a D-A blend is sandwiched between a low work function metal 

cathode and a high work function transparent conducting metal oxide anode. Examples of 

low work function cathodes are Al, Ca, Ba, and of high work function anodes are indium-

tin oxide (ITO) or fluorine-doped tin oxide (FTO).131–134 The device architecture of a 

forward OSC is shown in Figure 1.17a.135 An anode buffer layer, such as poly(3,4-

ethylene-dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), is used to make a smooth 

surface on an ITO or FTO electrode.131 However, due to the acidic nature of PEDOT:PSS, 

ITO etches over time, especially at a high temperature and humidity. Again, it is not 

possible to do a large-scale roll-to-roll production due to the vacuum evaporation of the 

top metal electrodes. In addition, vacuum evaporation leaves micropores in the metal 

electrodes during fabrication, therefore, air and moisture can penetrate the cells and 
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degrade the polymer active layer.133 As a result, conventional structured OSC has poor 

efficiency and low device stability.134 

 

 
Figure 1.17. Schematic illustration of (a) a forward organic solar cell, and (b) an inverted organic solar cell.135 

HEL is the hole extraction layer and EEL is the electron extraction layer. Reprinted with permission from 

reference 135. Copyright 2016 Royal Society of Chemistry. 

 

To solve problems associated with forward OSCs, inverted OSCs were developed 

(Figure 1.17b).136 In this structure, the ITO or FTO acts as the cathode and the high work 

function metals act as the anode. Since the polarity of the charge collection is reversed, 

stable and high work function metals, such as Au, Ag, and Cu, can be used as the 

anode.136,137 Therefore, it is possible to print metal anodes instead of costly thermal 

deposition technologies and also eliminate the use of PEDOT:PSS.138 

 

1.4.3 Photoactive Materials 

Semiconductor polymers often are used as an active photon absorber in the organic solar 

cells. Due to the presence of conjugated π-electrons systems that delocalize on the polymer 

backbone in alternating double- and single-bonds, they become conductive .139 These types 

of polymers absorb photons to form excitons resulting from the electron transfer from the 

HOMO to the LUMO level, which is the key to an organic solar cell. 

In the initial stage of OSCs research, small molecules, such as copper pthalocyanine 

(CuPc), were used as active materials.140 Research on conjugated polymer systems and 

their use in organic solar cells became popular in the 1990s. Poly(phenylenevinylene) 

(PPV) derivatives happened to be the first group of semiconducting polymers. Saricifitci 



 24 

and coworkers132 showed that poly[2-methoxy-5-(2-ethylhexyloxy)]-1,4-

phenylenevinylene (MEH-PPV) had ultrafast electron transfer to fullerene (C60), which 

suggested conjugated polymers as electron donors and fullerene derivatives as acceptors. 

The BHJ structure of MEH-PPV/fullerene interpenetrating network was introduced three 

years later by Heeger and coworkers.132 The authors demonstrated a superior efficiency of 

solar cells compared to bilayer architecture.  

The most studied conjugated polymer system that was studied in organic solar cells 

is probably poly(3-hexylthiophene) (P3HT) derivatives. P3HT derivatives generally were 

mixed with PCBM (fullerene) derivatives; for example, P3HT:PC61BM-based solar cells 

demonstrated 5% efficiency.141 The critical factors that lead to high performance devices 

were identified, which include regioregularity of the polymer, architecture design, addition 

of processing additives, and post-deposition annealing.142  

Another group of conjugated polymers studied was low band gap polymers. Low 

band gap polymers were designed by the donor–acceptor copolymer concept (also called 

“push–pull”), in which an electron-rich moiety (donor unit) and an electron deficient 

moiety (acceptor unit) were attached together.143 It is possible to tune the HOMO and 

LUMO energy levels by changing the donor and acceptor units. Several low band gap 

polymers were developed having a high power conversion efficiency, e.g., PCDTBT,144 

PBDTTPD,145 PTB7,146 and PTB7-Th.147 A combination of PTB7-Th donor and PC71BM 

acceptor showed 10.8% efficiency.148 Apart from tuning the band gap of the donors and 

the acceptors, factors that influence the efficiency of a polymer solar cell are the 

morphology of the donor and acceptor, crystalline orientation of polymers, thermal 

annealing, and solvent additives.  

Although, fullerene-based acceptors were used almost exclusively in OSCs, the 

development of non-fullerene small molecule acceptor materials gave new light in 

developing high efficiency OSCs. Fullerenes have a wide gap and are weakly absorbing in 

the visible region, which prevents complementary light harvesting in acceptor domains.127 

Non-fullerene acceptors are aimed to address those deficiencies by designing low band gap 

materials.149,150 Extensive research was performed in developing non-fullerene acceptors. 

Popular examples are m-ITIC,151 ATT-1,152 IEICO-4F,153 IT-M,154 INIC3,155 ITIC-Th1,156 
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and IT-4F,157 all of which demonstrated more than 10% efficiency with combinations of 

different polymer donors.150 

 

1.4.3.1 Role of Interfacial Layer 

In BHJ polymer solar cells, an interfacial layer plays an important role in determining the 

photon-to-electricity conversion, and it is placed between the active layer and the charge 

collecting electrodes. In a BHJ cell, choosing the proper materials for the interfacial layer 

is crucial because it can optimize the electrical properties of the BHJ/electrode interface 

and improve the efficiency of solar cells. Although the polarity of the charge collection is 

completely opposite in conventional and inverted BHJ solar cells, the photovoltaic 

processes are the same for both. An ohmic contact between the photoactive layer and the 

electrodes is needed to minimize the energy barrier. The excitons are generated in the active 

layer and dissociate at the interface of the donor and acceptor. Then, an interfacial layer 

can transport a certain charge carrier selectively and block the other one so that only the 

electrons or the holes can be extracted. Apart from the charge selection, the interfacial layer 

should possess the following criteria: transparency, efficient charge transport ability, an 

appropriate energy level to enable ohmic contact, conductivity, good film-forming 

properties, stability, and low cost.158,159 Transition metal oxides with a good carrier 

transport and stability, such as ZnO,160–163 TiO2,164 Cs2CO3,165,166 were used as an electron 

extraction layer (EEL). For a hole extraction layer (HEL), MoO3,167–169 NiO,170,171 

V2O5,172,173 and graphene oxide174 were applied. 

 

1.4.3.2 Polymer Hybrid Solar Cells 

Inorganic semiconductor nanoparticles were utilized as the acceptor materials with a 

polymer donor in order to fabricate organic–inorganic hybrid solar cells. Several inorganic 

semiconductor nanoparticles were reported, e.g., CdTe,175 CdS,176 CdSe,177 ZnO,178 

TiO2,179 PbS,180 PbSe,181 SnO2,182 Si,183 Ge,81 and CuInS2,184 to fabricate hybrid solar cells 

in conjunction with polymer donors.  

Liu et al.185 reported P3HT-Si nanocrystals hybrid solar cells with an efficiency of 

1.15%. The reasons why the organic–inorganic hybrid solar cells give low efficiencies are 

incomplete electron transfer from polymer to nanocrystals and surface traps of nanocrystals 
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preventing efficient charge transport. Doping of polymer solar cells with inorganic 

nanocrystals is a very interesting strategy that has been reported. Semiconductor 

nanoparticles can improve the optical absorption and also enhance the charge transport of 

a polymer solar cell. Zhao et al.186 reported an improvement in the efficiency of 

P3HT:PC61BM solar cells by incorporating Si nanoparticles. The authors obtained a 4.11% 

efficiency compared to 2.93% (in P3HT-PC61BM) by adding 0.05% of Si nanoparticles. 

Nanoparticles of CuO were utilized in a P3HT-PC70BM solar cell, and 2.96% efficiency 

was observed, which was 24% higher than the control device.187 Germanium nanoparticles 

(GeNPs) also were utilized in P3HT-PC60BM solar cells by Amollo et al.188 The authors 

reported an improvement of up to 183% efficiency by incorporating GeNPs/graphene (3 

wt% loading) in the device. The improved efficiency was attributed to the effective charge 

separation and transportation of the nanocomposite in the respective electrodes (Figure 

1.18).  

 

 
Figure 1.18. (a) Schematic diagram of the BHJ organic solar cell with the GeNPs/nitrogen-doped graphene 

nanocomposites in the active layer and (b) energy level diagram of the device materials.188 Reprinted with 

permission from reference 188. Copyright 2018 Royal Society of Chemistry. 

 

1.5 Scope of this Thesis 
Germanium nanoparticles are very attractive due to their unique optoelectronic properties, 

which make them useful in different applications, such as transistors, lithium-ion batteries, 

solar cells, and sensors. Therefore, the goals of this thesis were to synthesize germanium 
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nanoparticles and study new surface reactivity. In this project, heteronuclear 

dehydrocoupling reactivity was planned to study to by reacting alkylsilanes with the 

hydride-terminated surface of GeNPs. After that, our goal was to use GeNPs in polymer 

solar cells as dopant or efficiency enhancer to improve the power conversion efficiency of 

solar cells. Again, it is important to synthesize GeNPs with uniform size and shapes, 

because their opto-electronic properties are governed by sizes and shapes. So, in the third 

project, our aim was to synthesize shape controlled GeNPs by periodic heating and cooling 

using induction furnace. 

Chapter 2 focuses on the synthesis and surface functionalization of GeNPs through 

dehydrocoupling with alkylsilanes. Three types of long chain alkylsilanes, octadecylsilane, 

dimethyloctadecylsilane, and hydride-terminated PDMS, were utilized to perform 

dehydrocoupling with hydride-terminated GeNPs. Their dehydrocoupling reactivity also 

was compared to their hydrogermylation reactivity, and the products were analyzed to 

obtain the surface strain due to the presence C or Si on the surface of GeNPs. 

Chapter 3 focuses on the utilization of dodecyl-terminated GeNPs as a doping 

material in a PTB7-Th:IT-4F polymer solar cell. The polymer active layers were 

characterized by Grazing Incidence Small Angle X-ray Scattering (GISAXS) and Grazing 

Incidence Wide Angle X-ray Scattering (GIWAXS) to obtain the structural and 

morphological information of the fabricated films. Inverted structured polymer solar cells 

were fabricated by blending 0.1–0.9 wt% of GeNPs in the active layers, and the 

performance of the devices were evaluated. 

Chapter 4 describes an attempt to synthesize GeNPs with uniform shape and size by 

rapid cyclic heating and cooling using an induction furnace.  

Chapter 5 summarizes the results of all the projects and proposes possible future 

research directions. 
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Chapter 2 
 
Thermally-induced Dehydrocoupling on Germanium 
Nanoparticles 
 

2.1 Introduction 
Germanium nanoparticles (GeNPs) are promising materials that may find use as active 

systems in far reaching applications, such as solar cells, batteries, field-effect transistors, 

data storage devices, meta materials, and photodetectors.25,189,190 Their potential arises 

partly because bulk germanium has a small band gap (0.67 eV vs 1.1 eV in silicon) and 

large exciton Bohr radius (~24 nm vs 4.9 nm in silicon) which lead to the influence of 

quantum confinement being observed in large particles when compared to other quantum 

dot systems.25 These larger nanoparticles are particularly attractive because they should 

maintain exquisitely tunable properties of nanomaterials while being more resistant to 

deleterious reactions that result from their reduced surface area-to-volume ratio. Still, 

GeNPs surfaces remain sensitive to air (i.e., oxygen) and moisture that can induce 

formation of surface oxides.191,192 

Drawing on the well-established hydrosilylation approaches used to tailor silicon 

surface chemistry and the perceived similarities of silicon and germanium reactivity, we 

and others explored hydrogermylation as one approach for modifying the surfaces of bulk 

and nanoscale Ge.40,72,191,193–195,51 Despite these early advances, challenges remain, and 

investigating the surface chemistry of germanium nanomaterials, particularly GeNPs, is of 

paramount importance if their attractive properties are to be exploited. 

Dehydrocoupling (DHC) involves the formal liberation of H2 upon reaction of two 

M–H (e.g., M = Si and/or Ge) species, resulting in the formation of an M–M bond; this 

general reaction has proven to be an effective synthetic tool in Group 14 element molecular 

chemistry.196,197 Applications of DHC also have been extended to the modification of bulk 

and nanoscale Group 14 semiconductor surfaces. Li et al.198 derivatized bulk silicon wafer 

and porous-Si surfaces via zirconocene and titanocene catalyzed DHC of surface Si–H 

moieties; these reactions lead to the introduction of aryl- or alkyl-silanes. We extended 
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DHC to reactions of organosilanes with H-terminated SiNPs using Wilkinson’s catalyst 

((PPh3)3RhCl); unfortunately, the utility of this approach was limited by the material 

optical properties being compromised by residual Rh impurities.199 An important step 

forward was realized when Kim et al.200 demonstrated that DHC could be thermally-

initiated on porous-Si surfaces in the absence of a metal-based catalysts – this advance 

made it possible to functionalize via DHC while maintaining the substrate 

photoluminescent response; however, it is important to note that the products of these 

reactions possessed substantial surface oxide.  

Homonuclear DHCs of arylgermanes have been exploited in the preparation of oligo- 

and poly-germanes,201 but it has not been applied yet as a strategy for modifying bulk or 

nanoscale Ge surfaces. Reaching beyond the mere curiosity of whether DHC will provide 

a viable approach to GeNP surface modification, establishing heteronuclear 

dehydrocoupling protocols involving germanium nanoparticle surfaces and organosilanes 

could provide a first step toward preparing heretofore-unknown core shell-like 

nanostructures of Group 14 elements; it also may provide a method for introducing crystal 

strain-induced band gap engineering. In this regard, we demonstrate the modification of 

hydride-terminated GeNPs via the DHC with a series of alkylsilanes. 

 

2.2 Experimental 
 

2.2.1 Reagents and Materials 
Germanium dioxide powder (GeO2, 99.9%) and dimethyloctadecylsilane were purchased 

from Gelest. Hypophosphorous acid (50 wt% in water), sodium hydroxide pellets, toluene 

(99.9%, HPLC grade), 1-octadecene (90%), octadecylsilane (97%), hydrogen-terminated 

poly(dimethylsiloxane) (H-PDMS, average Mn ~580), dodecane (99%), and acetonitrile 

(99.9%, HPLC grade) were purchased from Sigma-Aldrich. Toluene and acetonitrile were 

purified using a Pure-Solv purification system and collected immediately prior to use. 

Hydrochloric acid (36.5–38.0 %) and ammonium hydroxide (28–30%) were purchased 

from Caledon Labs. Electronics grade hydrofluoric acid (HF, 49% aqueous solution) was 

purchased from J. T. Baker. Ultrapure H2O (18.2 MΩ/cm) was obtained from a Barnstead 
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Nanopure Diamond purification system and was used in all reactions. Molecular sieves (4 

Å) were purchased from Sigma-Aldrich and activated in a vacuum oven prior to use. Unless 

otherwise indicated, reagents were used as received. 

 

2.2.2 Preparation of GeNPs Embedded in Germanium Oxide 
GeNPs embedded in a germanium oxide matrix (GeNPs/GeOx) were prepared using a 

procedure developed in our laboratory.51 Briefly, Ge(OH)2 was prepared by dissolving 2.0 

g of GeO2 in 14 mL freshly prepared aqueous NaOH (~17 M). Subsequently, HCl (6 M, 

48 mL) was added dropwise to the GeO2 solution to achieve a pH ~1. Next, 

hypophosphorus acid in water (50 wt% H3PO2; 15 mL) was added and the mixture was 

refluxed for 5.5 h under static argon. Concentrated NH4OH (20 mL) was added to the 

boiling reaction mixture to yield a brown precipitate that was isolated by vacuum filtration 

and washed three times with 10-mL aliquots of ultrapure water. After drying in a vacuum 

oven at ca. 70 ˚C for 15 h, 1.6 g of ‘brown Ge(OH)2’ was obtained. This brown powder 

(1.0 g) was placed in a quartz boat for 1h in a Lindberg Blue tube furnace, whose 

temperature was ramped to 400 ˚C (18 ˚C/min), under flowing argon (15 mL/min). After 

cooling to room temperature, a dark brown solid consisting of GeNPs embedded in 

germanium oxide (GeNPs/GeOx) was obtained and ground to a fine powder using an agate 

mortar and pestle. The resulting material (ca. 1.0 g) was characterized using X-ray powder 

diffraction and stored in ambient atmosphere until needed. 

 

2.2.3 Isolation of Hydride-terminated GeNPs 

Hydride-terminated GeNPs (H-GeNPs) were liberated from the GeNP/GeOx via ethanolic 

hydrofluoric acid (HF) etching using a literature procedure.51 (Caution! HF must be 

handled with extreme care and in accordance with local regulations.) Briefly, GeNPs/GeOx 

(0.2 g) was placed in a polyethylene terephthalate beaker, followed by absolute ethanol 

(2.0 mL). This mixture was exposed to an ultrasonic bath for approximately 2 min, after 

which, ultrapure water was added (2.0 mL), and the heterogeneous brown mixture was 

stirred using a magnetic stir bar/stir plate for 10 min. Subsequently, aqueous HF (49% HF; 

2.0 mL) was added. After stirring for 15 min, the liberated H-GeNPs were collected upon 

extraction into toluene (3´10 mL toluene) to yield a dark brown cloudy dispersion and 
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were isolated as a brown pellet upon centrifugation at 3000 rpm. The H-GeNPs were re-

dispersed in toluene containing activated molecular sieves and stirred. The molecular 

sieves were removed, and the mixture was centrifuged at 3000 rpm to recover the H-GeNPs 

(ca. 20% mass yield). This process was repeated again, and the obtained H-GeNPs were 

derivatized immediately using the DHC conditions noted below. 

 

2.2.4 Dehydrocoupling on H-GeNPs Surfaces 
The H-GeNPs obtained from etching 0.2 g of GeNP/GeOx were dispersed in dodecane (5 

mL, dried over activated molecular sieves), transferred to a Schlenk flask equipped with a 

Teflon stir bar, and attached to an argon charged double manifold. Subsequently, 3.5 mmol 

of the alkylsilane in question and an additional 15 mL dry dodecane were added. The 

cloudy reaction mixture was subjected to three freeze-pump-thaw cycles and then heated 

in an oil bath at 180 ˚C for 96 h with stirring. Next, the cloudy crude product mixture was 

transferred to polytetrafluoroethylene (PTFE) centrifuge tubes, and toluene (3 mL) was 

used to collect all the samples from the Schlenk flask. Subsequently, acetonitrile (30 mL) 

was added as an antisolvent. The resulting brown suspension was centrifuged at 12000 rpm 

for 30 min to yield a brown precipitate and a colorless supernatant. The supernatant was 

discarded, and the solid was re-dispersed in 5 mL of toluene with sonication to yield a 

cloudy suspension. Subsequently, acetonitrile (45 mL) was added, and the mixture was 

centrifuged at 12000 rpm for 30 min to yield a brown solid. This solvent/antisolvent 

suspension/precipitation procedure was repeated once. Finally, the precipitate (i.e., 

alkylsilane functionalized GeNPs) was dispersed in 5 mL of dry toluene, and the 

functionalized GeNPs was stored in a vial at ambient conditions for further use and 

characterization. It is important to mention that to obtain the optimum conditions for DHC, 

the reaction mixture was filtered through a 0.45-µ PTFE syringe filter, and better 

functionalization was evaluated qualitatively by observing the intensity of the amber color. 

 

2.2.5 Hydrogermylation of H-GeNPs Surfaces 
An established literature procedure was employed to modify GeNP surfaces via thermally-

induced hydrogermylation.51 These materials provide a baseline for comparison with 

functionalized GeNPs obtained from DHC reactions. Briefly, H-GeNPs liberated from the 
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identical GeNP/GeOx were mixed with neat 1-octadecene (10 mL) and heated in an oil bath 

at 180 ˚C for 96 h with stirring. The resulting octadecyl-terminated GeNPs were purified 

and stored using the identical procedure outlined for the DHC products.  

 

2.2.6 Materials Characterization and Instrumentation 
Fourier Transform Infrared spectroscopy (FTIR) was performed using a Nicolet Magna 

750 IR spectrophotometer for samples prepared via drop casting from a toluene suspension 

onto a silicon wafer.  

Proton nuclear magnetic resonance spectroscopy (1H NMR) was performed using a 

Varian Unity Inova Console 500 MHz NMR spectrometer. The signals were calibrated in 

MestReNova version 9.0.1-13254 using a TMS (0 ppm) standard. Samples were prepared 

such that they contained a few milligrams of GeNPs in 0.03% TMS in 0.6 mL CDCl3. 

A Renishaw inVia Raman microscope equipped with a 633-nm diode laser was used 

with 50% power to obtain Raman spectra. Samples were prepared by drop casting of a 

suspension on to a gold coated glass slide.  

X-ray Diffraction was performed using a Rigaku Ultima IV equipped with a Cu-Kα 

radiation source (λ = 1.54 Å) using thin film stage. The Ge(OH)2 and GeNP/GeOx samples 

were prepared by putting powder on to a 10×10 mm2 Si (100) wafer. Functionalized GeNPs 

samples were prepared by drop casting on to a 10×10 mm2 Si (100) wafer. The XRD results 

were analyzed by a TOPAS Academic software package.202  

X-ray photoelectron spectra were obtained in energy spectrum mode at 210 W using 

a Kratos Axis Ultra X-ray photoelectron spectrometer. The X-ray source was Al Kα 

(1486.6 eV). Samples were prepared onto a copper foil (5×5 mm2) substrate. CasaXPS 

(Version 2.3.13) was used to calibrate binding energies using the C 1s peak as a reference 

(284.8 eV). The C 1s region was fit/deconvoluted to determine the amount of oxide arising 

from adventitious carbon. The Ge 3d region of the XPS was fit to Ge 3d3/2 and Ge 3d5/2 

partner lines with spin-orbit splitting fixed at 0.58 eV and intensity ratio at 0.67. The Si 2p 

region was fit to Si 2p1/2 and 2p3/2 partner lines with spin-orbit splitting at 0.6 and intensity 

ratio at 0.5. A Shirley type background was applied to deconvolute the data, and the 

background was subtracted after deconvolution. 
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Bright-field transmission electron microscopy (TEM), high-resolution TEM 

(HRTEM), and energy dispersive X-ray (EDX) were performed in JEOL JEM-

ARM200CF equipped with a cold field emission gun (cFEG) having an accelerating 

voltage of 200 kV. High angular annular dark field (HAADF) image and electron energy 

loss spectroscopy (EELS) were gained in scanning mode with a nominal electron probe 

size of 0.5 nm using JEOL 2200 FS TEM/STEM. TEM samples were prepared by drop-

coating 1–2 drops of dilute toluene suspension containing GeNPs onto a holey carbon 

coated copper grid (150 mesh, Electron Microscopy Science), and the solvent was removed 

by using filter paper under the grid. Bright-field TEM and HRTEM images were processed 

using ImageJ software (version 1.51j8), and at least 300 particles were measured to obtain 

size distributions of GeNPs.  

Dynamic light scattering (DLS) data was obtained using a Malvern Zetasizer Nano 

S series, dynamic light scattered with a 633-nm laser. All the toluene suspentions 

containaing GeNP samples were equilibrated to 25 ℃ prior to data acquisition and scanned 

three times. 

 

2.3 Results and Discussion 
Oxide-embedded germanium nanoparticles (GeNPs/GeOx) were prepared using 

procedures developed in our laboratory that exploit the thermal disproportionation of 

Ge(OH)2.51 Subsequent removal of the protective oxide matrix provided hydride-

terminated GeNPs (H-GeNPs) that served as substrates for DHC and the hydrogermylation 

reactions investigated here (Scheme 2.1). 

 

 

Scheme 2.1. Protocols for functionalizing hydride-terminated Ge nanoparticles via (a) dehydrocoupling, 
and (b) hydrogermylation. 
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Briefly, H-GeNPs that were extracted from HF were washed with toluene and dried 

over molecular sieves. Then, they were mixed with dodecane and the alkylsilane of interest 

in a Schlenk flask for DHC reaction and subjected to three freeze-pump-thaw cycles. 

Subsequently, they were heated at 180 ˚C for 96 h under an Ar atmosphere with stirring. 

For hydrogermlyation, the washed and dried H-GeNPs were mixed with 1-octadecene, 

allowed to freeze-pump-thaw, and then allowed to react under the same conditions 

mentioned above. 

To evaluate the effective surface functionalization, octadecylsilane was chosen as the 

model substrate for optimization of the reaction time and temperature. The extent of the 

reaction progress was determined qualitatively based upon the intensity of the amber color 

of the PTFE (0.45 µ) filtered reaction mixture for T = 80, 130, and 180 °C (Figure 2.1a) 

and t = 24, 48, and 96 h (Figure 2.2a). 

 

 
Figure 2.1. (a) Photograph of unpurified filtered samples and (b) FTIR of purified octadecylsilyl-GeNPs 
samples obtained by reactions at the indicated temperatures for 48 h. 

 

Reaction mixtures obtained from higher temperatures and longer times (at T = 

180 °C, t = 96 h) appear more intensely colored, consistent with more effective 

functionalization. In all cases, the FTIR features of octadecylsilyl-GeNPs at ca. 2960–2850 

cm-1, ca. 1464 cm-1, and ca. 2157 cm-1 are associated with C–Hx stretching, C–Hx bending, 

and Si–H stretching, respectively (Figure 2.1a and Figure 2.2b). The O–H on the surface 

is believed to result from oxidation occurring during the purification using acetonitrile 

while GeNPs surfaces are poorly functionalized. In Figure 2.1b, we observe that 
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octadecylsilyl-GeNPs have the feature associated with Ge–H (ca. 2015 cm-1) at 80 °C, 

which disappears when the reaction was performed at 130 and 180 °C. Also, the broad O-

H stretching frequency at ca. 3300–3400 cm-1 diminishes when the reaction was performed 

at higher temperature. Again, by comparing the reaction times of 24, 48, and 96 h, we 

observe the disappearance of the feature associated with Ge–H and O–H stretching at 

longer reaction times, which implies better functionalization (Figure 2.2b). 

 

 
Figure 2.2. (a) Photograph of unpurified filtered samples and (b) FTIR of purified octadecylsilyl-GeNPs 
samples obtained by reactions at 180 °C for the indicated times. 
 

After optimizing the reaction time and temperature, we chose octadecylsilane, 

dimethyloctadecylsilane, and H-PDMS as silane ligands to present the versatility of the 

DHC reaction. Hydrogermylation also was employed using 1-octadecene to compare with 

the DHC reactions. The FTIR of H-GeNPs, octadecyl-GeNPs, octadecylsilyl-GeNPs, 

dimethyloctadecylsilyl-GeNPs, and H-PDMS-GeNPs is shown in Figure 2.3. The spectra 

give insight into the surface species on GeNPs. The spectrum obtained for H-GeNPs shows 

two distinctive absorptions at ca. 2009 and ca. 843 cm-1 arising from Ge–H stretching and 

bending vibrations, respectively. Following the hydrogermylation and DHC reaction, the 

Ge–H features are no longer evident and are replaced by intense absorptions at ca. 2960–

2850 cm-1 and ca. 1469 cm-1 attributed to C-Hx stretching and bending modes, respectively, 
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of the aliphatic chain of ligands.203 The feature at ca. 2161 cm-1 is associated with Si–H 

bonds in octadecylsilyl-GeNPs. 

 

 
Figure 2.3. FTIR spectra of hydride-terminated GeNPs, octadecyl-GeNPs, octadecylsilyl-GeNPs, 
dimethyloctadecylsilyl-GeNPs, and H-PDMS-GeNPs. 

 

 

For dimethyloctadecylsilyl-GeNPs, no feature associated with Si–H was observed, 

which supports the functionalization. The H-PDMS-GeNPs are showing a small feature of 

Si–H at ca. 2122 cm-1 that was expected due to the presence of two Si–H in terminal 

position of polymer. FTIR spectra of the ligands are given in Figure 2.4 for comparison. 
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Figure 2.4. FTIR spectra of 1-octadecene, octadecylsilane, dimethyloctadecylsilane, and H-PDMS. 

 

The Raman spectra of alkyl/alkylsilane functionalized GeNPs show strong phonon 

absorption at ca. 299 cm-1 that is attributed to a Ge−Ge modes (Figure 2.5).204 It is 

documented in the literature that a Ge–Si optical phonon is expected to appear around 400 

cm-1 in the SiGe alloy.205 However, one layer of Si–Ge bond may not provide enough signal 

to detect. The Raman spectrum of crystalline-Ge (c-Ge) was shown for comparison. The 

shoulder observed from functionalized GeNPs suggests the presence of amorphous GeNPs, 

consistent with presented XRD data (see below).204 
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Figure 2.5. Raman spectra of c-Ge powder, octadecyl-GeNPs, octadecylsilyl-GeNPs, 
dimethyloctadecylsilyl-GeNPs, and H-PDMS-GeNPs. 

 

Proton nuclear magnetic resonance (1H-NMR) spectroscopy provides insight into 

the nature of the GeNPs surface species. In this context, 1H-NMR of octadecyl-GeNPs 

(Figure 2.6(i)) shows a set of broad resonances arising from terminal methyl protons 

(centered at δ = 0.88 ppm), and methylene chain protons (in the range of δ = 1.1–1.5 ppm). 

The integration ratios of the terminal methyl to the methylene chain protons signals were 

determined to be 3:32.36, respectively, which are consistent with the expected surface 

octadecyl moiety.  

The octadecylsilyl-GeNPs (Figure 2.6(ii)) shows terminal methyl protons at 0.88 

ppm, Si adjacent methylene protons at 0.6 ppm, and methylene protons at 1.1–1.6 ppm 

(integration ratios 3:2.58:24.94). It is important to mention that in octadecylsilane, this 

silane proton shows a resonance at 3.48 ppm (Figure 2.7), which may have shifted to 4.6 

ppm when it is attached to GeNPs. In the case of dimethyloctadecylsilyl-GeNPs (Figure 

2.6(iii)), no silane proton was observed when attached to GeNPs; it appeared at 3.88 ppm 

before the reaction consistent with functionalization. The integration ratios of terminal 

methyl (at δ = 0.88 ppm), to methylene chain (δ = 1.1–1.6 ppm), to silicon adjacent 

methylene (δ = 0.56 ppm), to silicon adjacent methyl (δ = 0.096 ppm) protons were 

determined to be 3:31.38:1.89:5.08, respectively. For H-PDMS-GeNPs (Figure 2.6(iv)), 
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there was still a resonance from the silane proton due to the presence of two terminal Si–

H in the ligand, however, measuring the intensity ratios does not give meaningful 

information. 

 

 
Figure 2.6. 1H-NMR of (i) octadecyl-GeNPs, (ii) octadecylsilyl-GeNPs, (iii) dimethyloctadecylsilyl-
GeNPs, and (iv) H-PDMS-GeNPs in CDCl3 (7.2 ppm) solvent with 0.03% TMS (0.0 ppm). 
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Figure 2.7. 1H-NMR of (from top) 1-octadecene, octadecylsilane, dimethyloctadecylsilane, and hydride-
terminated PDMS in CDCl3 (7.2 ppm) solvent. 

 

The functionalized GeNP samples, reactants, and intermediate materials were 

analyzed with powder X-ray diffraction. To take into account the contribution from zero-

background Si-wafer holders, empty holders were evaluated, and some characteristic peaks 

were observed. Empty holders showed broad reflections at 20.24°, 51.27°, 55.23°, 79.3° 

and a sharp reflection at 53.56° on the sample holder for Ge(OH)2, the GeNPs/GeOx 

composite (Figure 2.8a), and all sample holders for octadecyl-GeNPs, octadecylsilyl-

GeNPs, dimethyloctadecylsilyl-GeNPs, and H-PDMS-GeNPs (Figure 2.8b). All the 

reflections from sample holders have been taken into account as background for sample 

analysis. More specifically, in addition to six polynomial backgrounds, a function of the 

sample holder background parameters and peak positions with their intensities of sample 

holders were added. 

The sample containing amorphous Ge(OH)2, which was prepared by reducing GeO2 

using hypophosphorus acid, shows a broad feature. The sample containing GeNPs/GeOx 

composite shows phases, Ge (a = 5.64 Å cell parameter, and 7.6 nm particle size) and 

amorphous GeO2 (a = 5.05 Å and c = 5.37 Å). The fit is shown on Figure 2.8a. 
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Figure 2.8. X-ray Diffraction of (a) sample holder for Ge(OH)2 and GeNPs/GeOx, Ge(OH)2, and 
GeNPs/GeOx composite and (b) sample holders for (i) octadecyl-GeNPs, (ii) octadecylsilyl-GeNPs, (iii) 
dimethyloctadecylsilyl-GeNPs, and (iv) H-PDMS-GeNPs.  

 

The alkyl/alkylsilane functionalized GeNPs samples were analyzed with diffraction 

line-broadening methods to determine the size of crystallites and strain from X-ray powder 

diffraction data (Figure 2.9a). After refining the reference, instrument parameters and peak 

shape values were fixed, and line broadening was assumed to result only from physical 

features. Size determination from diffraction data were analyzed with integral breadth, 

fwhm, and Lorentzian/Gaussian broadening methods. All the methods assume a normal 

distribution of spherical crystallites. Strain broadening analysis was performed, and the 

strain value as defined by Stokes and Wilson was refined.206,207 Table 2.1 lists the crystallite 

sizes/integral breadths of 5.92, 6.52, 7.43, and 7.83 nm for octadecyl-GeNPs, 

octadecylsilyl-GeNPs, dimethyloctadecylsilyl-GeNPs, and H-PDMS-GeNPs, respectively. 

The alkyl-GeNPs show a smaller strain component than alkylsilane-GeNPs. Again, the 

dimethyloctadecylsilyl-GeNPs and H-PDMS-GeNPs exhibit larger strain than 

octadecylsilyl-GeNPs. 

The reflections at 27.09°, 45.30°, 53.65°, 65.91°, 72.84°, and 83.65° correspond to 

cubic germanium 111, 220, 311, 400, 331, and 422 planes, respectively (Figure 2.9a, PDF# 

04-0545).208 For octadecyl-GeNPs, two weak reflections at 19.58° and 21.27° were 

observed. A broad reflection at 21.31° was observed for octadecylsilyl-GeNPs. To identify 
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the origin of this reflection, an XRD of octadecylsilane (melting point 28 ˚C) was carried 

out, and a reflection was found at the same 2-theta position (Figure 2.9b). 

 

 
Figure 2.9. X-ray Diffraction of (a) octadecyl-GeNPs, octadecylsilyl-GeNPs, dimethyloctadecylsilyl-
GeNPs, and H-PDMS-GeNPs, and (b) octadecylsilane. 
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Table 2.1. Crystallographic Refinement Data for GeNP Samples 
 

Sample  Octadecyl-
GeNPs 

Octadecylsilyl-
GeNPs 

Dimethyl-
octadecylsilyl- 
GeNPs 

H-PDMS-GeNPs 

Space group Fd3#m (No. 227) Fd3#m (No. 227) Fd3#m (No. 227) Fd3#m (No. 227) 

a (Å) 5.6515(6) 5.6539(2) 5.6522(2) 5.6561(4) 

T (K) 296 296 296 296 

Radiation Cu Ka, 
l=1.5406 Å 

Cu Ka, 
l=1.5406 Å 

Cu Ka, l=1.5406 Å Cu Ka, l=1.5406 Å 

2q limits 10.00–80.00° 10.00–80.00° 10.00–80.00° 10.00–80.00° 

Refinement 
method 

Pawley Rietveld Rietveld Rietveld 

No. of data 
collected 

4117 data points 4117 data points 4117 data points 4117 data points 

No. of Bragg 
reflections 

7 7 7 7 

No. of variables 26 26 26 26 

Residualsa Rwp = 0.0468 Rwp = 0.0289 Rwp = 0.0355 Rwp = 0.0322 

 Rexp = 0.0455 Rexp = 0.0249 Rexp = 0.0309 Rexp = 0.0298 

Goodness of fit 1.02 1.12 1.14 1.08 

Synthetic peaks 19.58° 

21.27° 

21.31° 24.19° 24.19° 

Integral breadth 
size 

5.9(2) nm 6.5(2) nm 7.4(3) nm 7.8(3) nm 

Strain, e0 0.00016(2) 0.00082(3) 0.00131(4) 0.00155(4) 
a  Rexp = [(N-P+C)/ S (wyo

2)]1/2; Rwp = [S[w(yo – yc)] / Swyo
2]1/2; N is the total number of observations, P 

is the number of parameters refined, C is the number of constraints used in the refinement. 

 

The survey X-ray photoelectron (XP) spectra of octadecyl-GeNPs confirms the 

presence of Ge, C, and O (Figure 2.10), and all the alkylsilane functionalized GeNPs 

confirm the presence of Ge, Si, C, and O. The percentage of each element calculated from 

survey XPS is given in Table 2.2. The amount of Ge compared to C species is very low for 

the octadecyl-GeNPs and octadecylsilyl-GeNPs, which can be attributed to greater surface 

coverage as evidenced by 1H-NMR (see below). In the dimethyloctadecylsilyl-GeNPs and 

H-PDMS-GeNPs, the amount of Ge is greater compared to previous samples, consistent 

with poor surface coverage by organic surface groups. 

( )[ ][ ] 2/12
oowp å å-= ywyywR c



 44 

 

 
Figure 2.10. Survey XP spectra of (i) octadecyl-GeNPs, (ii) octadecylsilyl-GeNPs, (iii) 
dimethyloctadecylsilyl-GeNPs, and (iv) H-PDMS-GeNPs. 

 
Table 2.2. Percentage of Element in the DHC Samples 
 

Sample C 1s O 1s Ge 3p Si 2p 

Octadecyl-GeNPs 69.17% 15.61% 15.22% - 

Octadecylsilyl-GeNPs 75.24% 13.99% 6.39% 4.43% 

Dimethyloctadecylsilyl-GeNPs 52.90% 19.93% 18.73% 8.45% 

H-PDMS-GeNPs 29.25% 23.23% 39.95% 7.56% 

 

The high-resolution XP spectra of the Ge 3d region of all samples (Figure 2.11) 

were fitted/deconvoluted to the 3d5/2 and 3d3/2 spin-orbit couple with a binding energy ca. 

29.6 eV and 30.1 eV for elemental and surface Ge(0,I), along with some partial oxidation 

at ca. 31.4, and 32.7 eV, which are attributed to the suboxides (GeOx, 0 < x ≤ 2).209 Small 

shifts towards higher binding energy (up to 0.3 eV) were observed for alkylsilane 

functionalized GeNPs compared to alkyl-GeNPs. However, this is not surprising since 

adventitious C 1s was used as the calibration standard, which can induce an error of ±0.3 
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eV.210–212 The Si 2p region of the high-resolution XP spectrum (Figure 2.11) is fitted to the 

2p1/2 and 2p3/2 spin-orbit couple, with a binding energy of ca. 102.1 and 102.6 eV, 

respectively, and can be attributed to alkylsilane attached to GeNPs.213 The C 1s region 

also was fitted to obtain the amount of oxide from adventitious carbon (Figure 2.12, Table 

2.3). A small portion of oxygen in the present GeNPs samples can be attributed to 

adventitious carbon species, but the majority of the oxygens are from functionalized 

GeNPs. 

 

 
Figure 2.11. High-resolution XP spectra of Ge 3d and Si 2p in alkene and alkylsilane functionalized 
GeNPs. 
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Figure 2.12. High Resolution XP spectra of C 1s of octadecyl-GeNPs, octadecylsilyl-GeNPs, 
dimethyloctadecylsilyl-GeNPs, and H-PDMS-GeNPs (black dashed line = experimental data, gray solid 
line = complete fit, blue = C–C, red = C–O).  

 
Table 2.3. Percentage of Oxide in C 1s in DHC Samples 
 

Sample C–C C–O 

Octadecyl-GeNPs 96.15% 3.85% 

Octadecylsilyl-GeNPs 96.3% 3.63% 

Dimethyloctadecylsilyl-GeNPs 100% - 

H-PDMS-GeNPs 95.20% 4.80% 

 

Direct evaluation of oxide-embedded GeNPs using electron microscopy is 

impractical, however, inspection of liberated functionalized GeNPs is informative. TEM 

and HRTEM give insight into the morphology and local crystallinity of the functionalized 

NPs. Figure 2.13 shows representative brightfield TEM and HRTEM images of octadecyl-

GeNPs, octadecylsilyl-GeNPs, dimethyloctadecylsilyl-GeNPs, and H-PDMS-GeNPs. The 
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GeNPs are shaped randomly and exhibit an average diameter (taken as the longest 

dimension) of 7.93 ± 1.28 nm for octadecyl-GeNPs and 7.70 ± 1.08 nm for octadecylsilyl-

GeNPs. The size distributions of the particles, measured by average shifted histogram 

(ASH),214 show fairly broad distributions (Figure 2.13(e-f)). It was not possible to measure 

the size of the dimethyloctadecylsilyl-GeNPs and H-PDMS-GeNPs because they were 

aggregated, suggesting crosslinking. The hydrodynamic radius of all the particles 

measured, using Dynamic Light Scattering (DLS), is 23 and 29 nm for octadecyl-GeNPs 

and octadecylsilyl-GeNPs, respectively. In contrast, the hydrodynamic radius of 

dimethyloctadecylsilyl-GeNPs and H-PDMS-GeNPs is 335 and 375 nm, respectively, 

(Figure 2.14); these are consistent with the aggregation noted in brightfield TEM and 

suggests that crosslinking may happen in H-PDMS-GeNPs. HRTEM imaging (Figure 

2.13(a-d), inset) shows crystalline domains with the lattice spacing of 0.33 nm, consistent 

with the present XRD analysis that correspond to Ge (111) lattice spacing.51 

 

 
Figure 2.13. Brightfield TEM images of (a) octadecyl-GeNPs, (b) octadecylsilyl-GeNPs, (c) 
dimethyloctadecylsilyl-GeNPs, and (d) H-PDMS-GeNPs (inset: HRTEM), and the particle sizes 
histogram of (e) octadecyl-GeNPs and (f) octadecylsilyl-GeNPs obtained by ASH. 
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Figure 2.14. DLS size distribution of octadecyl-GeNPs, octadecylsilyl-GeNPs, dimethyloctadecyl-
GeNPs, and H-PDMS-GeNPs. 

 

EDX mapping can provide insight into the presence of the alkylsilane moieties on 

the GeNPs. Figures 2.15.1 to 2.15.4 show the EDX elemental mapping of octadecyl-

GeNPs, octadecylsilyl-GeNPs, dimethyloctadecylsilyl-GeNPs, and H-PDMS-GeNPs, 

respectively. Each figure consists of a high angular annular dark field (HAADF) image, 

elemental maps of Ge, C, O, Si, and an overlay of elements. Octadecyl-GeNPs show Si 

distributed across the grid that is believed to arise from trace silicon impurities from the 

TEM grid. EDX mapping of an empty TEM grid is given in Appendix A. Despite this Si 

background, all GeNP samples showed Si signals co-localized with GeNPs, which supports 

the functionalization. The elemental spectra of all GeNPs are shown in Figure 2.16. 
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Figure 2.15.1. EDX elemental mapping of octadecyl-GeNPs. 

 

 
Figure 2.15.2. EDX elemental mapping of octadecylsilyl-GeNPs. 
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Figure 2.15.3. EDX elemental mapping of dimethyloctadecylsilyl-GeNPs. 

 

 
Figure 2.15.4. EDX elemental mapping of H-PDMS-GeNPs. 
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Figure 2.16. TEM-EDX spectra of octadecyl-GeNPs, octadecylsilyl-GeNPs, dimethyloctadecyl-GeNPs, 
and H-PDMS-GeNPs. 

 

To gain more insight into the presence and location of Si at the surface of GeNPs, 

HAADF imaging and Electron Energy Loss Spectroscopy (EELS) line scans were acquired 

for octadecylsilyl-GeNPs. HAADF imaging shows a contrast between core and surface 

materials, consistent with different materials at the particle surface and within the particle 

core (Figure 2.17a). The EELS line scans of two representative single particles indicate 

that the intensities of silicon signals are substantially higher at the particle edges, while the 

composition of the core is dominated by germanium (Figure 2.17b). 
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Figure 2.17. (a) HAADF image of octadecylsilyl-GeNPs, and (b) EELS line scanning of two single 
particles showing the composition of the core and shell.  

 

To obtain the surface coverage of the alkylsilane/alkene functionalized-GeNPs, 1H-

NMR spectroscopy was employed. Using a predefined amount of tetramethylsilane (TMS, 

0.03% v/v) as an internal standard and evaluating a ratio of the integrated peak areas of the 

surface groups provides an estimate of the percent surface coverage. In this context, the 

average surface coverage of octadecyl-GeNPs, octadecylsilyl-GeNPs, and 

dimethyloctadecylsilyl-GeNPs obtained from hydrogermylation/dehydrocoupling reaction 

are defined to be 170%, 139%, and 80.6%, respectively (Table 2.4, 2.5, and 2.6).  

 
Table 2.4. Determination of Surface Coverage of Octadecyl-GeNPs Using 1H NMR 
 

NMR peak Ligand to TMS 
Proton ratio 

Moles of ligand# % Surface 
coverage$ 

a (-CH3) 6.23 3.29 × 10-5 157 
b (-(CH2)16-) 61.12 2.85 × 10-5 182 

# 0.03% v/v of TMS in 0.6 mL of CDCl3 solvent has been defined as 1.32 × 10-6 moles. 
$ Per 7.3 mg of functionalized GeNPs contain 1.81 × 10-5 moles considering ca. 18% of atoms on the surface. 
 
Table 2.5. Determination of Surface Coverage of Octadecylsilyl-GeNPs Using 1H NMR 
 

NMR peak Ligand to TMS 
Proton ratio 

Moles of ligand# % Surface 
coverage$ 

a (-CH3) 1.53 8.08 × 10-6 163 
b (-(CH2)16-) 12.91 6.39 × 10-6 129 
c Si-(CH2)- 0.78 6.18 × 10-6 125 

# 0.03% v/v of TMS in 0.6 mL of CDCl3 solvent has been defined as 1.32 × 10-6 moles. 
$ Per 2.0 mg of functionalized GeNPs contain 4.96 × 10-6 moles considering ca. 18% of atoms on the surface. 
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Table 2.6. Determination of Surface Coverage of Dimethyloctadecylsilyl-GeNPs Using 1H NMR 
 

NMR peak Ligand to TMS 
Proton ratio 

Moles of ligand# % Surface 
coverage$ 

a (-CH3) 2.27 1.20 × 10-5 89.6 
b (-(CH2)16-) 22.55 1.12 × 10-5 83.3 
c Si-(CH2)- 1.36 1.08 × 10-5 80.6 
d -Si-(CH3)2-) 3.50 9.24 × 10-6 68.9 

# 0.03% v/v of TMS in 0.6 mL of CDCl3 solvent has been defined as 1.32 × 10-6 moles. 
$ Per 5.4 mg of functionalized GeNPs contain 1.34 × 10-5 moles considering ca. 18% of atoms on the surface. 
 

To understand the amorphous shoulder signal that was observed in the Raman spectra 

of all the synthesized GeNPs (Figure 2.5), we filtered the reaction mixture of octdecylsilyl-

GeNPs after the reaction, collected the filtered (by 0.45-µ PTFE) and non-filtered (particles 

that did not pass through filter) particles, and performed a separate purification and 

characterization. The FTIR of filtered and non-filtered samples in Figure 2.18 suggests 

successful functionalization where both the spectra exhibit characteristic peaks of 

octadecylsilyl-GeNPs similar to Figure 2.4. The 1H-NMR (Figure 2.19) of these samples 

show a characteristic chemical shift that was observed earlier in Figure 2.6, consistent with 

functionalization. 

 

 
Figure 2.18. FTIR of filtered and non-filtered octadecylsilyl-GeNPs samples. 
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Figure 2.19. 1H-NMR of octadecylsilane, filtered, and non-filtered octadecylsilyl-GeNPs samples in 
CDCl3 (7.2 ppm) solvent with 0.03% TMS (0.0 ppm). 

 

The XRD of filtered samples does not show crystalline GeNPs, but non-filtered 

samples show the presence of crystalline GeNPs (Figure 2.20). In both samples, we observe 

the reflection associated with the octadecylsilane. In TEM, filtered samples were observed 

to be fairly dispersed, but the non-filtered samples were aggregated (Figure 2.21).  
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Figure 2.20. X-ray Diffraction of filtered and non-filtered octadecylsilyl-GeNPs samples. Standard 
reflections of Ge (PDF# 04-0545) are provided for comparison. 

 

 
Figure 2.21. Bright field TEM images of filtered and non-filtered octadecylsilyl-GeNPs samples. 

 

A control reaction has been performed with dodecane and octadecylsilane. The FTIR 

and 1H-NMR results of the control reaction are shown in Appendix A. 
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2.4 Conclusion 
We have synthesized alkylsilane functionalized GeNPs through DHC successfully. DHC 

of alkylsilane on GeNPs proceeds via Si–Ge bond formation, and by attaching appropriate 

groups we can modify the surface further. FTIR and 1H-NMR show the presence of 

alkylsilane in the samples. XPS and TEM-EDX show the presence of silicon, along with 

germanium. Raman data demonstrate the presence of amorphous and crystalline GeNPs 

mixtures. Later on, we found that the particles that pass through the filter are amorphous. 

Finally, EELS line scanning confirms the presence of silicon, mostly on the surface of 

GeNPs. DHC has given us an efficient and catalyst free way to functionalize GeNPs. It has 

demonstrated comparable reactivity with hydrogermylation, which in turn may give us a 

pathway to make new functional nanomaterials.  
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Chapter 3 
 
Germanium Nanoparticles-Polymer Hybrid Solar Cells 
 

3.1 Introduction 
 

3.1.1 Scope of the Research 
Due to the limited sources of fossil fuels and the growing demand for world-wide energy 

(13 TW in 2001 vs 30 TW in 2050),215,216 research on cost-effective alternative energy 

sources has increased significantly in the past few years. While the conventional silicon 

solar cells are expensive, they also are unable to provide enough energy density for human 

needs.217–219 Semiconductor polymers are excellent candidates in photovoltaics because of 

their solution processability, tunable properties, and feasibility in industrial production.220 

Among different architectures of organic photovoltaics (OPVs), the bulk heterojunction 

(BHJ) structure, in which a conjugated polymer is mixed with a fullerene derivative, is 

studied most widely. In this structure, the conjugated polymer acts as an electron donor, 

and the fullerene derivative acts as an electron acceptor.  

Poly(3-hexylthiophene) (P3HT) is one of the most studied donor polymers because 

of its good self-assembly and charge transport capabilities. Moreover, with the combination 

of a fullerene acceptor (PC61BM), researchers could achieve up to 5% power conversion 

efficiency (PCE).217 Zhang et al., reported more than 10% PCE using a benzodithiophene 

(BDT) based donor polymer.221 PTB7-Th is one of the BDT based polymers that has a 

narrow band gap (1.6 eV) and a deep highest occupied molecular orbital (HOMO) level, 

which is well matched with various electron acceptor materials.222 Non-fullerene acceptors 

are getting much attention due to their simple synthesis and low cost compared to fullerene 

derivatives. One of the early discovered non-fullerene acceptor materials, ITIC blended 

with PTB7-Th, has shown greater PCE compared to fullerene (6.8% vs 6.05%).223 Zhao et 

al. prepared IT-4F by fluorinating the ITIC and obtained 13% PCE by blending with 

PBDB-T-SF donor.157 The advantages of fluorinated semiconductors are that they 

downshift the HOMO and LUMO levels of the molecules without a causing strong steric 
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hindrance224 and improve their crystallinity by non-covalent interactions of F···H and 

F···S, which in turn facilitate charge transport.225 It is essential to correlate the crystallinity, 

the polymer grain size, etc. with the charge transport and the performance of solar cells. 

Grazing Incidence X-ray scattering (GIXS) is a very important technique to obtain the 

crystallinity and grain sizes of active layers of a polymer solar cell; 226 this is discussed 

later in this chapter.  

Hybrid solar cells have attracted considerable attention among researchers because 

of the desirable properties of conjugated polymers and inorganic nanoparticles. In hybrid 

solar cells, semiconductor polymers act as an electron donor and nanoparticles act as an 

electron acceptor. Semiconductor nanoparticles have properties which differ from bulk 

materials due to quantum confinement and the possibility to tune their absorption 

properties by tuning their size. Various colloidal inorganic nanoparticles have been used in 

hybrid solar cells, including CdSe,227 ZnO,228 TiO2,229 PdS,230 PdSe,181 and Si185 

nanocrystals. However, the PCE was not very impressive, and the highest PCE observed 

in hybrid solar cells is 4.1% for the combination of P3HT and CdSe nanoparticles in the 

active layer.  

An interesting strategy for boosting the efficiency of polymer solar cells is to add a 

third component in the active layer. Huang et al.231 introduced Bi2O2S nanocrystals into 

the PTB7-PC71BM, which significantly improved the PCE by promoting charge transfer, 

increasing exciton diffusion, and reducing charge recombination. Germanium 

nanoparticles (GeNPs) are very promising materials for optoelectronic applications 

because of their large exciton Bohr radius (ca. 24 nm), narrow band gap (ca. 0.67 eV in 

bulk), high carrier mobility, and high absorption coefficient (ca. 2.0 × 105 cm-1 at 2 

eV).41,232 Amollo et al.233 have introduced GeNPs/graphene nanocomposites into the active 

layer of P3HT-PC60BM solar cells and obtained a higher PCE due to the better charge 

separation and transfer by the nanocomposites. The challenge associated with GeNPs is 

that in a normal atmosphere they often are covered by an insulating oxide shell, which 

limits their application. Therefore, the surface of the GeNPs should be passivated with 

appropriate surface groups to prevent oxidation and maintain favorable optoelectronic 

properties.  
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In this research, dodecyl-terminated Ge nanoparticles (dodecyl-GeNPs) were 

synthesized and mixed with a semiconducting polymer donor and a small molecule 

acceptor (PTB7-Th and IT-4F) and deposited as thin films on glass and silicon wafer 

substrates. The structures of PTB7-Th (Poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo[1,2-

b;3,3-b]dithiophene]{3-fluoro-2[(2ethylhexyl) carbonyl] thieno [3,4-b]thiophenediyl})) 

and IT-4F (3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-

5,5,11,11-tetrakis(4-hexylphenyl)-dithieno-[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-

b’]dithiophene) are shown in Figure 3.1. The samples were characterized by atomic force 

microscopy (AFM), GIXS, UV-vis, and 4-point probe to obtain structural, optical, and 

electronic properties. Their solar cell performances were evaluated by a solar simulator. 

 

 
Figure 3.1. Structure of (a) PTB7-Th and (b) IT-4F. 

 

3.1.2 Grazing Incidence X-ray Scattering for Photovoltaics 
Grazing Incidence X-ray Scattering (GIXS) is a technique to obtain morphological 

information of active materials and thin films used in organic photovoltaics.234 There are 

two types of GIXS depending on the sample to detector distance (SDD), Grazing Incidence 

Small Angle X-ray Scattering (GISAXS) and Grazing Incidence Wide Angle X-ray 

Scattering (GIWAXS). 

The GISAXS technique probes the surface and bulk morphologies of thin films in a 

length scale from nanometer to micrometer size. A basic experimental setup of the 

GISAXS is shown in Figure 3.2.235 The monochromatic X-ray beam impinges on the 

sample surface under a very shallow angle, αi, typically with αi < 1˚. The X-rays are 



 60 

scattered by the samples under investigation and meet a 2D detector in reciprocal space. 

The scattering of X-rays originates from variations of the refractive index, n, on the 

materials, described by236 

𝑛 = 1 − 𝛿(𝜆) + 𝑖𝛽(𝜆) 3.1 

depending on the dispersion, 𝛿, and the absorption, 𝛽. The 𝛿 and 𝛽 can be written as  

𝛿(𝜆) =
𝑒0𝜆0

8𝜋0𝑚4𝑐0𝜀7
𝜌
∑ 𝑓;7(𝜆) + 𝑓<(𝜆);

∑ 𝑀;;
 

𝛽(𝜆) =
𝑒0𝜆0

8𝜋0𝑚4𝑐0𝜀7
	𝜌
∑ 𝑓<<(𝜆);

∑ 𝑀;;
 

where, 𝑒 is the elementary charge, 𝜆 is the wavelength of X-rays, 𝑚4 is the electron rest 

mass, 𝑐 is the speed of light, 𝜀7 is the permittivity constant, 𝜌 is the mass density, 𝑀; is the 

atomic weight, and 𝑓< and 𝑓<< are the dispersion corrections. The value of 𝑓;7 can be 

approximated by the number of electrons, Zk. The summation is done for all atoms k of a 

small molecule or of a monomer subunit in the polymer under investigation.226 

In the experimental set up of the GISAXS (Figure 3.2), the x-axis is along the 

direction of X-ray beam, the y-axis is parallel to the sample surface, and the z-axis is along 

the surface normal. The diffuse scattering of X-rays occurs due to the lateral deviations of 

the refractive index of the materials; thus, desired information about the morphology of 

probed films can be obtained. 

Monochromatic X-rays with a wave vector 𝑘@⃗ B and a wave number 𝑘7 = 2𝜋/𝜆 are 

scattered along the 𝑘@⃗ E direction, therefore, the scattering vector is defined as 

�⃗� = G𝑞H, 𝑞J, 𝑞KL = 𝑘@⃗ E − 𝑘@⃗ B 3.2 

where, 𝑞H = 2𝜋(𝑐𝑜𝑠𝜓𝑐𝑜𝑠𝛼E − 𝑐𝑜𝑠𝛼B)/𝜆, 𝑞J = 2𝜋(𝑐𝑜𝑠𝜓𝑐𝑜𝑠𝛼E)/𝜆 and 𝑞K = 2𝜋(𝑠𝑖𝑛𝛼B −

𝑠𝑖𝑛𝛼E)/𝜆.226 

Each material has a characteristic critical angle, 𝛼Q, below which the X-rays are 

reflected via total internal reflection. When the exit angle of X-ray matches the critical 

angle, the scattering intensity of X-rays, called the Yoneda peak, is enhanced greatly.237 

For the GISAXS experiment, 𝛼B > 𝛼Q generally is used to obtain in-depth morphological 

information of the film. A 2D detector is used for the GISAXS, and the sample to detector 

distance (SDD) is 2–3 m. The GISAXS technique only records intensities of the diffuse 

scattering waves. To obtain structural information of the material, the intensity signals need 
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to be modeled. In this thesis, horizontal line cuts at the Yoneda position are modeled to 

obtain information about lateral structures using the local monodisperse approximation 

(LMA) method.234,238 The DPDAK software package has been used to model the two-

dimensional (2D) GISAXS intensity distribution within the framework of the LMA 

method.239 In this method, it is possible to obtain the domain sizes of active polymer 

materials and the corresponding center-to-center distances of the domains. In organic 

photovoltaics (OPVs), the domain sizes and distances are important to correlate the exciton 

(electron-hole pair) diffusion lengths of semiconductor polymers and their photovoltaic 

performances.240 

 

 
Figure 3.2. Schematic presentation of the experimental set-up used in GISAXS and GIWAXS.235 Reprinted 

with permission from reference 235. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA. 

 

The experimental setup for GIWAXS is similar to GISAXS, except that the SDD of 

the 2D detector is much shorter to cover the wide-angle data. It is possible to obtain 

information about molecular stacking, crystal orientation, and crystal size of the materials 

using the shorter SDD, usually in the order of 10 cm. The GISAXS scattering also shows 

up here, however, it is faintly visible and usually blocked by a beam stop. For the 

GIWAXS, when hkl-lattice planes fulfill Bragg’s law at a certain angle, constructive 

interference occurs, and that gives rise to a maximum scattering. The SSD is chosen in 
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such way that polymeric crystals (e.g., π-π stacking, orientation) are probed and also at 

least the first reflection of inorganic crystals is detectable. Compared to XRD, GIWAXS 

is able to detect the preferred orientation of the crystals in thin films. For example, in terms 

of the semiconducting polymer P3HT, the orientation distribution of its crystallites that 

either face-on or edge-on can be quantified using GIWAXS.241 For OPVs, a certain crystal 

orientation relative to the sample surface is more beneficial for charge transport than the 

other orientations.242 In order to understand the correlation between the crystal orientation 

and scattering signals better, four scenarios of GIWAXS patterns are illustrated 

schematically in Figure 3.3. 

 

 
Figure 3.3. Sketch of film crystallinity and corresponding 2D GIWAXS data in the case of (a) horizontal 

lamellar stacking, (b) vertical and horizontal stacking, (c) textured horizontally oriented domains, and (d) 

completely disordered lamellar stacking. The GISAXS signal is blocked by a beam stop (black box).235 

Reprinted with permission from reference 235. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA. 

 
For highly crystalline polymers/materials with a direction of all crystal planes 

parallel to the substrate, well pronounced Bragg reflections appear on the 2D detector along 

the surface normal, with a distance of 2𝜋/𝑑 (Figure 3.3a). If both parallel and 

perpendicular crystal planes are present, the Bragg reflections appear along the surface 

normal as well as in the horizontal direction (Figure 3.3b). For textured films having 
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domains oriented with an angular distribution parallel to the substrate, the Bragg reflections 

become broadened along the vertical direction (Figure 3.3c). In the case of powder like 

films having no preferential orientation, the Debye-Scherrer ring appears in the GIWAXS 

pattern instead of Bragg reflections (Figure 3.3d). 

In the GIWAXS measurements, a spherical surface in q-space is projected onto a 2D 

detector, thus the obtained GIWAXS pattern is distorted. In order to extract structural 

information, the raw 2D GIWAXS pattern must be reconstructed into the natural reciprocal 

space coordinates.243 Here, the x-axis in the GIWAXS pattern is 𝑞T	𝑜𝑟	𝑞HJ , where 𝑞T	is 

determined by 𝑞T = V𝑞H0 + 𝑞J0. In this thesis, the grazing incidence X-ray scattering 

graphical user interface (GIXSGUI) analysis package in MATLAB is used to retrieve the 

corrected reciprocal space patterns.243 An example of the raw 2D GIWAXS data and the 

data after reconstruction is shown in Figure 3.4. A wedge of missing data is observed in 

the reconstructed image due to the inaccessible q-range from the experiment. 

 

 
Figure 3.4. (a) An example of raw 2D GIWAXS data recorded and (b) the corresponding corrected 2D 

GIWAXS data retrieved using GIXSGUI. The inaccessible q-range in a wedge shape is denoted by the red 

curves. Two curved blue stripes at 𝑞J = -0.3 Å-1 and 0.7 Å-1 are due to the intermodular detector gaps. 

 

3.2 Experimental 
 

3.2.1 Reagents and Materials 
Germanium dioxide powder (GeO2, 99.9%) was purchased from Gelest. Hypophosphorous 

acid (50 wt% in water), sodium hydroxide pellets, methanol (99.8%), anhydrous ethanol, 
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acetone, isopropyl alcohol (98%), toluene (99.9%, HPLC grade), 1-dodecene (95%), zinc 

acetate dihydrate (≥98%), ethanolamine (≥98%), 2-methoxyethanol, chlorobenzene 

(99.8%), and 1-8 diiodooctane (97%) were purchased from Sigma-Aldrich. Toluene was 

purified using a Pure-Solv purification system and collected immediately prior to use. 

Hydrochloric acid (36.5–38.0%) and ammonium hydroxide (28–30%) were purchased 

from Caledon Labs. Electronics grade hydrofluoric acid (HF, 49 % aqueous solution) was 

purchased from J. T. Baker. Ultrapure H2O (18.2 MΩ/cm) was obtained from a Barnstead 

Nanopure Diamond purification system and was used in all reactions. Molecular sieves (4 

Å) were purchased from Sigma-Aldrich and activated in a vacuum oven prior to use. PTB7-

Th (Mn = 52500 gmol-1, PDI = 2.0) was purchased from 1-Material Inc. IT-4F was 

purchased from Solarmer Materials Inc. Unless otherwise indicated, reagents were used as 

received. Silicon (100 mm diameter, (100) orientation) substrates were purchased from Si-

Mat. Microscopic soda-lime glasses (26 × 76 mm2) were purchased from Carl Roth GmbH. 

Indium tin oxide (ITO) coated glass substrates (22 × 22 mm2) were purchased from Solems 

(ITO thickness 100 nm, sheet resistance 30 Ω/sq). 

 

3.2.2 Preparation of GeNPs embedded in Germanium Oxide 
See Section 2.2.2 

 

3.2.3 Isolation of Hydride-terminated GeNPs 

See Section 2.2.2 

 

3.2.4 Hydrogermylation of H-GeNPs Surfaces 
An established literature procedure was employed to modify GeNP surfaces via thermally-

induced hydrogermylation.51 Briefly, H-GeNPs were liberated from the GeNP/GeOx and 

mixed with neat 1-dodecene (10 mL). The cloudy mixture was subjected to three freeze-

pump-thaw cycles and heated in an oil bath at 190 ˚C for 15 h, with stirring, to yield a deep 

brown solution. The resulting dodecyl-terminated GeNPs (dodecyl-GeNPs) were 

transferred to polytetrafluoroethylene (PTFE) centrifuge tubes, and 30 mL of anhydrous 

ethanol were added as an antisolvent. The resulting brown suspension was centrifuged at 

12000 rpm for 20 min to yield a brown precipitate and a colorless supernatant. The 
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supernatant was discarded, and the precipitate was re-dispersed in 5 mL of toluene, with 

sonication, to yield a transparent brown solution. Then, 15 mL of anhydrous ethanol and 

15 mL of methanol were added, and the mixture was centrifuged at 1200 rpm for 20 min 

to yield brown precipitate. This solvent/antisolvent suspension/precipitation was repeated 

once. Finally, the precipitate (dodecyl-GeNPs) was dispersed in 5 mL of dry toluene and 

stored in a vial for further use and characterization. 

 

3.2.5 Cleaning of Glass and Silicon Substrates 
Prior to the preparation of GeNPs/polymer blend films, soda-lime glass microscope slides 

and Si wafer substrates were cut into smaller pieces (roughly 10 × 10 mm2) with a diamond 

cutter and acid cleaned to remove surface impurities.244 Briefly, an acid bath was prepared 

by using 84 mL of H2O2, 198 mL of H2SO4 (98%), and 54 mL of DI water and heated at 

80 ºC. The Si and glass substrates were loaded on a Teflon holder and immersed in this 

acid bath. After 15 min, the substrates were collected from the acid bath, rinsed with DI 

water, and dried in flowing N2. After drying, the substrates were stored in a clean sample 

box for further use. 

 

3.2.6 Preparation of Ge-PTB7-Th Thin Films 
A PTB7-Th solution was prepared by mixing 60 mg of PTB7-Th with 6 mL of 

chlorobenzene in a glass vial in an argon filled glove box and stirred at 70 ˚C for 15 h to 

obtain blue suspension. The suspension was divided into six glass vials, each containing 1 

mL of 10 mg/mL PTB7-Th. Then, 0, 0.1, 0.3, 0.5, 0.7, and 0.9 wt% of dodecyl-GeNPs (1.0 

mg/mL in dry toluene) were added to those vials. Additional dry toluene was added to keep 

the concentration of PTB7-Th constant, and the mixtures were stirred for 3 h. The samples 

were spin coated at 1000 rpm for 2 min on an acid cleaned glass and Si substrate. The thin 

film samples were dried at room temperature (RT) and were kept in a glovebox for further 

use and characterization. 

 

3.2.7 Preparation of Ge-PTB7-Th-IT4F Thin Films 
A sample of 1,8-diiodooctane (DIO) (10 µL) was mixed and stirred in 1.99 mL of 

chlorobenzene to obtain 0.5% DIO in chlorobenzene. Then, 20 mg/mL of a donor-acceptor 
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polymer was prepared by addition of 20 mg of PTB7-Th and 20 mg of IT-4F in 2 mL of 

prepared chlorobenzene solution. The mixture was stirred at 70 ˚C for 15 h and split into 

six vials containing 300 µL each. Next, 0, 0.1, 0.3, 0.5, 0.7, and 0.9 wt% of dodecyl-GeNPs 

(1.0 mg/mL in dry toluene) were added to those vials. Additional dry toluene was added to 

keep the concentration constant. The mixtures were stirred for 3 h and spin coated at 2000 

rpm for 2 min on an acid cleaned glass and Si substrate. The thin film samples were dried 

at RT and were kept in a glovebox for further use and characterization. 

 

3.2.8 Fabrication of Solar Cell Devices 

 

3.2.8.1 Etching and cleaning of ITO 

To avoid short circuits in the solar cells, the ITO layer of an ITO coated glass substrate was 

etched partially. A schematic diagram of the etching and cleaning of ITO is shown in 

Scheme 3.1. Briefly, a 12-mm width of sticky tape was attached to the middle of the ITO 

substrate as a template. Next, Zn powder was spread on the ITO exposed edges and 5-mm 

wide stripes of ITO were wiped off from two opposite edges of the substrate by using HCl-

soaked cotton buds (Q-tips). The substrates were rinsed with water and the sticky tape was 

removed.245  

The ITO coated glass substrates were cleaned ultrasonically with an Alconox® 

solution (detergent), deionized water, acetone, and isopropyl alcohol in a sequence of 10 

min each. The substrates were dried in a N2 flow. Finally, the partially etched ITO coated 

glass substrates were cleaned by oxygen plasma using Plasma System Nano (Diener 

Electronics) at 0.4 mbar for 10 min. The thin films of ZnO were prepared immediately after 

plasma cleaning. 
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Scheme 3.1. Schematic procedure of etching and cleaning of ITO; (a) a plain ITO coated glass substrate, 

(b) a 12-mm2 wide sticky tape is applied over the center of the substrate, (c) Zn powder is scattered on 

non-templated ITO, (d) Zn powder and ITO are wiped away with HCl-soaked cotton buds (Q-tips), and 

(e) the substrate is rinsed with water and the sticky tape removed. 

 

3.2.8.2 Preparation of active layer thin films 

A ZnO precursor solution was prepared by dissolving 1.0 g of zinc acetate dihydrate and 

0.284 mL ethanolamine in 10 mL of 2-methoxyethanol.246 The solution was stirred at 60 

ºC for 2 h to yield a clear homogeneous solution and was aged for 1 day before spin coating. 

The ZnO precursor solution was spin coated onto the pre-cleaned ITO-coated glass 

substrates at 3000 rpm for 1 min and then annealed at 200 ˚C for 1 h in air to obtain a ca. 

30-nm ZnO layer. After that, PTB7-Th/IT-4F, 0.3% GeNPs/PTB7-Th/IT-4F, and 0.9% 

GeNPs/PTB7-Th/IT4F solutions were spin-coated at 1200 rpm for 2 min to obtain a ca. 

100-nm thickness active layer. Next, using a shadow mask, thin layers of MoO3 (10 nm) 

and Al contact (100 nm) were deposited sequentially on top of the active layer using 

thermal evaporation at low air pressure (2 × 10-6 mbar). A schematic diagram of fabrication 

of solar cells is given in Figure 3.5a and a picture of the fabricated cells is given in Figure 

3.5(b). The fabricated solar cells were used to obtain J-V characteristics and the power 

conversion efficiency (PCE). 
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Figure 3.5. (a) Schematic diagram of fabrication of solar cells: (i) a partially etched and cleaned ITO, (ii) 

sample with ZnO layer, (iii) sample with active layer (Ge/polymer blend), and (iv) sample after applying 

MoO3 (10 nm) and Al (100 nm) contact. (b) A photograph of fabricated Ge/PTB7-Th/IT-4F solar cells. 

 

3.2.9 Materials Characterization and Instrumentation 
X-ray diffraction (XRD) was performed using a Rigaku Ultima IV equipped with a Cu-Kα 

radiation source (λ = 1.54 Å) using the thin film stage. The functionalized dodecyl-GeNPs 

samples were drop casted onto a Si (100) wafer and dried under air. The diffraction patterns 

were obtained with an incident angle of 0.5º and a scan speed of 0.25º/min. The Ge(OH)2 

and GeNPs/GeOx samples were prepared by putting ca. 50 mg of powder onto a Si (100) 

wafer and were analyzed similarly in the thin film stage. The patterns were analyzed with 

the TOPAS Academic software package.202 A NIST 640f Si standard was used for 

calibration. Instrument parameters were determined with a bulk Ge wafer ground into 

powder as the bulk standard. Additionally, diffraction data of Si wafers were collected to 

determine the contribution from the holders. 

Bright-field transmission electron microscopy (TEM) and high-resolution TEM 

(HRTEM) were performed in a JEOL JEM-ARM200CF equipped with a cold field 

emission gun (cFEG) having an accelerating voltage of 200kV. TEM samples were 

prepared by drop-coating 1–2 drops of a dilute toluene suspension containing GeNPs onto 

a carbon coated copper grid (150 mesh, Electron Microscopy Science), and the solvent was 

removed by using filter paper under the grid. The images were processed using ImageJ 

software (version 1.51j8), and at least 300 particles were measured to obtain the size 

distributions of GeNPs.  
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Fourier Transform Infrared spectroscopy (FTIR) was performed using a Nicolet 

Magna 750 IR spectrophotometer. The samples were prepared via drop casting from a 

toluene suspension onto a silicon wafer. 

An Axiolab A microscope (Carl Zeiss) was used to obtain optical microscopy with 

10X zoom of 0.82 µm/pixel resolution. ImageJ software (version 1.51j8) was used to 

analyze the image. 

Atomic force microscopy (AFM) was used to probe the surface roughness of polymer 

hybrid thin films. An Autoprobe CP research (Veeco Metrology Group) AFM instrument 

with conical shaped cantilevers (Ultralever OLNC-B, radius 10 nm) was used with a 

resonance frequency of 70–80 KHz and spring constant of 2.1 N/m. The Gwyddion 

software (v2.20) was used to analyze and post-treat the obtained AFM data. 

The thickness of the thin films was measured by a DektakXTTM profilometer. The 

thin films of the polymer layer were scratched, and the height profile of the non-scratched 

and scratched part of the film were obtained. 

The sheet resistance of the polymer hybrid thin films was measured using a four-

point probe (Cascade Microtech (C4S-54/5)) consisting of four equally spaced tungsten 

carbide test probes (1-mm distance and 135-µm radius). The conductivity was calculated 

from the sheet resistance and thickness of the films using the equation 𝜅 = 1/𝑅Y𝑡, where 𝜅 

is conductivity, 𝑅Y  is the sheet resistance, and t is the thickness of the film. 

GISAXS and GIWAXS measurements were carried out at the P03/KiNaXS beamline 

of the PETRA III storage ring at DESY (Hamburg, Germany). The wavelength of the X-

ray was 1.059 Å (Energy 11.7 KeV). A Pilatus 1M 2D detector was used to record 

scattering signals consisting of 981 × 1043 pixels for GISAXS and 619 × 487 pixels for 

GIWAXS. The pixel size for both cases were 172 µm × 172 µm. For GISAXS 

measurements, a grazing incident angle of 0.19º and an SDD of 3302.31 mm were chosen. 

For GIWAXS, 0.35º of grazing incidence angle and 270.044 mm of SDD were used. The 

GISAXS was analyzed by using DPDAK software. The GIWAXS data were analyzed by 

using MATLAB (version R2018a) and the GIXSGUI toolkit. 

To obtain power conversion efficiency (PCE) of the fabricated solar cells, the J-V 

characteristics were collected in air atmosphere with a solar simulator SolarConstant1200 

(K.H. Steuernagel Lichttechnik GmbH) equipped with a rare earth halogen lamp (AM1.5, 
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100 mWcm-2). As shown in Figure 3.5, each cell contains 8 pixels. During solar cell 

measurements, a shadow mask with an illumination area of 0.12 cm2 (each pixel) was used. 

The electric current density that flows through the solar cell, both under dark conditions 

and under simulated sunlight, was measured as a function of bias applied. A Keithley 2400 

SourceMeter unit was used to apply bias and measure current simultaneously. In a standard 

J-V curve, maximum power point, PMP, is defined by	𝑃MP = 𝐽MP × 𝑉MP maximum. The fill 

factor, FF, is defined as the ratio between PMP and the theoretical maximum power, 𝑃abc =

𝑉dQ × 𝐽YQ 

𝐹𝐹 =
𝑃fg
𝑃abc

=
𝑉fg𝐽fg
𝑉dQ𝐽YQ

 3.3 

where, Voc is the open circuit voltage and Jsc is the short circuit current density. 

The PCE is defined as the ratio of the device output power, Pout, to the irradiation 

input power, Pin 

𝑃𝐶𝐸 =
𝑃djk
𝑃Bl

=
𝑉dQ𝐽YQ𝐹𝐹
𝑃mfn.p

 3.4 

The PCE was obtained automatically from the instrument along with J-V curve. 

 

3.3 Results and Discussion 
 

3.3.1 Characterization of GeNPs 
Ge(OH)2 was synthesized by reduction of GeO2 using hypophosphorus acid and it was 

converted to oxide embedded GeNP (GeNPs/GeOx) composites upon thermal 

disproportionation at 400 °C under inert atmosphere.51 After that, H-GeNPs were obtained 

by etching the GeOx from GeNPs/GeOx, then the H-GeNPs were functionalized by 1-

dodecene through thermal hydrogermylation.51 

The XRD of Ge(OH)2 shows broad reflections, consistent with the presence of 

amorphous Ge (Figure 3.6).37 The GeNPs/GeOx shows reflections of crystalline Ge.208 The 

reflections at 27.12°, 45.31°, 53.60°, 66.07°, 72.85°, and 83.71° correspond to cubic 

germanium (111), (220), (311), (400), (331), and (422) planes, respectively (PDF# 04-

0545). Table 3.1 shows details of the phase, space group, cell parameters, and crystallite 



 71 

size of GeNPs analyzed by Pawley refinement method. The functionalized dodecyl-GeNPs 

also show the presence of cubic germanium, with an average diameter of 6.03 nm. 

 

 
Figure 3.6. X-ray diffraction of Ge(OH)2, GeNPs/GeOx composite, and dodecyl-GeNPs.  
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Table 3.1. Crystallographic Refinement Data for Samples 
 

Sample  Ge(OH)2 Ge/GeOx  Dodecyl-GeNPs 

6.03 nm crystallite size 

phase Ge Ge GeOx  Ge  

space group – Fd3#m  
(No. 227) 

P3121 
(No. 152) 

 Fd3#m (No. 227) 

a (Å) – 5.645(2) 5.01(3)  5.6522(2) 

b (Å) – 5.645(2) 5.01(3)  5.6522(2) 

c (Å) – 5.645(2) 5.65(6)  5.6522(2) 

T (K) 296 296  296 

radiation Cu Ka, l=1.5406 Å Cu Ka, l=1.5406 Å  Cu Ka, l=1.5406 Å 

2q limits 10.00–90.00° 10.00–90.00°  10.00–90.00° 

refinement 
method 

Pawley Pawley  Pawley 

no. of data 
collected 

8000 data points 8000 data points  8000 data points 

no. of Bragg 
reflections 

– 7  7 

no. of variables 10 39  29 

residualsa Rwp = 0.0566 Rwp = 0.0713  Rwp = 0.0619 

 Rexp = 0.0652 Rexp = 0.0701  Rexp = 0.0558 

goodness of fit 1.32 1.02  1.11 
a  Rexp = [(N-P+C)/ S (wyo

2)]1/2; Rwp = [S[w(yo – yc)] / Swyo
2]1/2; N is the total number of observations, P is 

the number of parameters refined, C is the number of constraints used in the refinement. 

 

Consistent with the XRD, the TEM of the dodecyl-GeNPs shows that the GeNPs are 

randomly shaped, with an average size of 6.82 ± 1.08 nm (Figure 3.7). The HRTEM (Figure 

3.7a-inset) shows a d-spacing of 0.33 nm, consistent with a Ge (111) plane.204 The size 

distribution was achieved by using the average shifted histogram (ASH) approach.214 

 

( )[ ][ ] 2/12
oowp å å-= ywyywR c
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Figure 3.7. (a) Bright field TEM image (inset- HRTEM) and (b) average shifted histogram of dodecyl-

GeNPs. 

 

FTIR was employed to investigate the surface chemistry of GeNPs. Figure 3.8 

illustrates that upon hydrogermylation reaction with H-GeNPs, the Ge-H stretching at ca. 

2015 cm-1 is replaced with a C-Hx stretching and a bending frequency at ca. 2950–2850 

cm-1 and ca. 1464 cm-1, respectively, consistent with surface-bonded alkyl groups being 

introduced. 
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Figure 3.8. FTIR spectra of (a) H-GeNPs and (b) dodecyl-GeNPs. 

 

3.3.2 Characterization of GeNP/PTB7-Th Thin Films 
The dodecyl-GeNPs were mixed with the PTB7-Th polymer and deposited on Si and glass 

substrates as thin films. The thin films of PTB7-Th (PT), 0.1% Ge/PTB7-Th (0.1GPT), 

0.3% Ge/PTB7-Th (0.3GPT), 0.5% Ge/PTB7-Th (0.5GPT), 0.7% Ge/PTB7-Th (0.7GPT), 

and 0.9% Ge/PTB7-Th (0.9GPT) were evaluated qualitatively using optical microscopy to 

obtain the film morphology. Figure 3.9 shows representative optical microscopic images 

of polymer blend thin films on Si substrates. All films exhibit smooth surfaces at the 

sensitivity of the imaging method, and there was no qualitative difference observed 

between samples. 
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Figure 3.9. Optical microscopy images of PTB7-Th thin films containing 0, 0.1, 0.3, 0.5, 0.7, and 0.9% 
of GeNPs. 

 

Atomic force microscopy (AFM) images of polymer blend thin films, shown in 

Figure 3.10, were analyzed by using Gwydion software. The mean roughness of PT, 

0.1GPT, 0.3GPT, 0.5GPT, 0.7GPT, and 0.9GPT was 460.08 pm, 522.5 pm, 546.6 pm, 

506.5 pm, 502.3 pm, and 594 pm, respectively. The root mean square (RMS) roughness of 

PT, 0.1GPT, 0.3GPT, 0.5GPT, 0.7GPT, and 0.9GPT was 585.6 pm, 724 pm, 748 pm, 693.3 

pm, 694 pm, and 1052 pm, respectively. Consistent with the optical microscopy images, 

the mean roughness and RMS roughness of the thin films did not show any obvious trend 

(Figure 3.11). 
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Figure 3.10. AFM images of PTB7-Th thin films with 0, 0.1, 0.3, 0.5, 0.7, and 0.9% of GeNPs. 

 

 
Figure 3.11. Mean roughness and RMS roughness of PTB7-Th thin films with 0, 0.1, 0.3, 0.5, 0.7, and 
0.9% of GeNPs. 

 

The thickness of the polymer blend films was measured by profilometry. The 

thickness of the films was in the range of 18–20 nm. The sheet resistance of the polymer 

blend films was measured by a four-point probe resistivity measurement equipped with a 
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Keithley 2400 SourceMeter. Later, the conductivity was calculated from the sheet 

resistance and thickness of the film and depicted in Figure 3.12. Upon addition of GeNPs, 

the conductivity shows a slight increase. This may be attributed to the higher carrier 

mobility of GeNPs.247  

 

 
Figure 3.12. Film thickness and conductivity of PTB7-Th thin films with 0, 0.1, 0.3, 0.5, 0.7, and 0.9% 
of GeNPs. 

 

The UV-vis absorption spectrum of PTB7-Th is consistent with the literature.248 The 

spectra of the neat polymer and GeNP/polymer blends were normalized to the film 

thickness (Figure 3.13). It was noted qualitatively that the intensity of the absorbance of 

polymer blend films increased upon addition of GeNPs into PTB7-Th. This may be 

attributed to the scattering characteristics of GeNPs.249 
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Figure 3.13. UV-vis absorption spectra of PTB7-Th thin films with 0, 0.1, 0.3, 0.5, 0.7, and 0.9% of 
GeNPs. 

 

To obtain insight into the internal structure (i.e., crystallinity) of PTB7-Th, 

GIWAXS was performed (Figure 3.14 and 3.15). From the 2D GIWAXS data and the 

horizontal line cuts, a reflection is noted at ca. 0.27 Å-1, which is documented as a face-on 

orientation (100) of PTB7-Th polymer crystallites.148,248 The origin of a peak at ca. 0.41 Å-

1 is unknown and probably coming from an error during measurement. From the vertical 

line cut (out-of-plane), we observe a broad peak at ca. 1.55 Å-1, which may arise from π-π 

stacking (010) of PTB7-Th. The π-π stacking PTB7-Th was observed at 1.6 Å-1 in the 

literature.148,248 The other sharp peaks may arise from metal impurities during the 

measurement. The addition of GeNPs did not show any obvious change in the crystallinity 

of PTB7-Th. 
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Figure 3.14. Grazing incidence wide angle X-ray scattering (GIWAXS) spectra of (a) PT, (b) 0.1GPT, (c) 
0.3GPT, (d) 0.5GPT, (e) 0.7GPT, and (e) 0.9GPT thin films. Two curved blue stripes at 𝑞J = -0.3 Å-1 and 
0.7 Å-1 are due to the intermodular detector gaps. 

 

 
Figure 3.15. (a) Horizontal (in-plane) and (b) vertical (out-of-plane) line cuts of 2D GIWAXS data for 
PTB7-Th with different proportions of GeNPs. 

 

To obtain information about the inner morphology of the present thin films, 

GISAXS data were acquired (Figure 3.16). GISAXS can provide information about 

polymer domain sizes and spatial correlations down to nanometer scales. To obtain 

quantitative information, horizontal line cuts were performed on the 2D GISAXS data at 

the Yoneda peak position of PTB7-Th. As the horizontal cuts were performed along the 𝑞J 

direction, the information about lateral structures e.g., polymer domain sizes and center-
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to-center distance of those domains can be found upon appropriate fitting of Figure 3.17. 

The fitting and the corresponding calculations will be done in future. 

 

 
Figure 3.16. Grazing incidence wide angle X-ray scattering (GIWAXS) spectra of (a) PTB7-Th, (b) 0.1% 
Ge/PTB7-Th, (c) 0.3% Ge/PTB7-Th, (d) 0.5% Ge/PTB7-Th, (e) 0.7% Ge/PTB7-Th, and (e) 0.9% 
Ge/PTB7-Th thin films. 

 

 
Figure 3.17. Horizontal (in-plane) line cuts of 2D GISAXS data for PTB7-Th with different proportions 
of GeNPs. 
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3.3.3 Characterization of GeNPs/PTB7-Th/IT-4F Thin Films 
Thin films of PTB7-Th/IT4F (PTI), 0.1% Ge/PTB7-Th/IT-4F (0.1GPTI), 0.3% Ge/PTB7-

Th/IT-4F (0.3GPTI), 0.5% Ge/PTB7-Th/IT-4F (0.5GPTI), 0.7% Ge/PTB7-Th/IT-4F 

(0.7GPTI), and 0.9% Ge/PTB7-Th/IT-4F (0.9GPTI) were characterized by optical 

microscopy to obtain the film morphology. Figure 3.18 shows optical microscopic images 

of polymer hybrid thin films on Si substrates. Similar to PTB7-Th (Figure 3.9), the PTB7-

Th/IT-4F active layer exhibits a smooth surface, and the GeNPs (0.1–0.9%) did not show 

any obvious change in the surface smoothness. 

 

 
Figure 3.18. Optical microscopy images of PTB7-Th/IT4F thin films with 0, 0.1, 0.3, 0.5, 0.7, and 0.9% 
of GeNPs. 

 

Atomic force microscopy (AFM) of polymer hybrid thin films are shown in Figure 

3.19. The images were analyzed by using Gwydion software. In Figure 3.20, the mean 

roughness of PTI, 0.1GPTI, 0.3GPTI, 0.5GPTI, 0.7GPTI, and 0.9GPTI was 4.6 nm, 3.6 

nm, 3.9 nm, 4.5 nm, 3.3 nm, and 4.2 nm, respectively. The root mean square (RMS) 

roughness of PTI, 0.1GPTI, 0.3GPTI, 0.5GPTI, 0.7GPTI, and 0.9GPTI was 5.9 nm, 4.9 

nm, 5.1 nm, 5.9 nm, 4.1 nm, and 5.4 nm, respectively. Compared to bare PTB7-Th thin-

films, the surface roughness of PTB7-Th/IT-4F has increased, however, the addition of 

GeNPs did not influence the roughness, consistent with optical microscopy.  
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Figure 3.19. AFM images of PTB7-Th/IT4F thin films with 0, 0.1, 0.3, 0.5, 0.7, and 0.9% of GeNPs. 

 

 
Figure 3.20. Mean roughness and RMS roughness of optical microscopy images of PTB7-Th/IT4F thin 
films with 0, 0.1, 0.3, 0.5, 0.7, and 0.9% of GeNPs. 

 

The thickness and conductivity of the active layer are shown in Figure 3.21. Upon 

addition of GeNPs, the conductivity shows a slight increase at first and then decreases. The 
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increase in film conductivity can be attributed to the higher carrier mobility of GeNPs as 

observed in the literature.247  

 

 
Figure 3.21. Film thickness and conductivity of PTB7-Th/IT-4F thin films with 0, 0.1, 0.3, 0.5, 0.7, and 
0.9% of GeNPs. 

 

The UV-vis absorption spectra of PTB7-Th/IT-4F are given in Figure 3.22. The 

spectra were normalized by the corresponding film thickness. It was noted qualitatively 

that the intensity of the absorbance of polymer blend thin films increased upon addition of 

GeNPs into PTB7-Th/IT-4F. This may be attributed to the scattering characteristics of 

GeNPs.249 
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Figure 3.22. UV-vis absorption spectra of PTB7-Th/IT4F thin films with 0, 0.1, 0.3, 0.5, 0.7, and 0.9% of 

GeNPs. 

 

The GIWAXS of the donor-acceptor blend (active layer) shows more clear scattering 

of π-π stacking (010) of PTB7-Th compared to the bare PTB7-Th film without acceptor 

materials (Figure 3.23). The face-on orientation (100) of PTB7-Th that is present in the 

horizontal line cuts is at ca. 0.27 Å-1 (Figure 3.24a). Interestingly, the π-π stacking 

reflections have shifted with the addition of GeNPs (Figure 3.24b). It is unclear why the 

spacing of π-π interaction polymer films will change due to the addition GeNPs. It might 

be due to an experimental error because there were some sharp reflections observed that 

surely are metal impurities. Even the IT-4F did not show its characteristic broad reflections 

at 0.4 and 1.8 Å-1, as given in the literature.250 

 



 85 

 
Figure 3.23. GIWAXS images of PTB7-Th/IT4F thin films with (a) 0, (b) 0.1, (c) 0.3, (d) 0.5, (e) 0.7, and 
(f) 0.9% of GeNPs (red circle represents (010) plane of PTB7-Th for π-π stacking). Two curved blue 
stripes at 𝑞J = -0.3 Å-1 and 0.7 Å-1 are due to the intermodular detector gaps. 

 

 
Figure 3.24. (a) Horizontal (in-plane) and (b) vertical (out-of-plane) line cuts of 2D GIWAXS data for 
PTB7-Th/IT-4F with different proportion of GeNPs. 

 

The 2D GISAXS images of the active layer and their horizontal cuts were 

performed along the 𝑞J direction to obtain information about lateral structures i.e., the 

polymer domain sizes and center-to-center distance of those domains (Figure 3.25 and 

3.26). The lines need to be fitted and modeled using local monodisperse approximation 

(LMA) to obtain that information; this will be done in future. 
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Figure 3.25. GISAXS images of PTB7-Th/IT4F thin films with 0%, 0.1%, 0.3%, 0.5%, 0.7%, and 0.9% 
of GeNPs. 

 

 
Figure 3.26. Horizontal line cuts of GISAXS images of PTB7-Th/IT4F thin films with 0, 0.1, 0.3, 0.5, 
0.7, and 0.9% of GeNPs. 

 

3.3.4 Performance of Solar Cells 
Three compositions of inverted polymer solar cells were fabricated with PTB7-Th and IT-

4F (1:1 ratio) having 0%, 0.3% and 0.9% GeNPs; these are denoted as PTI, 0.3PT, and 
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0.9PTI, respectively. The device performance measured under simulated AM 1.5 

illumination at 100 mWcm-2 is summarized in Table 3.2, and current density versus voltage 

(J-V) curves are shown in Figure 3.27. For each solar cell type, three cells were measured, 

with each cell containing 8 pixels. Some pixels appeared to be dead (0% Power Conversion 

Efficiency (PCE)) during measurement. The Jsc, Voc, fill factor, lowest PCE, highest PCE, 

and average PCE for all cells are summarized in Table 3.2. The PCE of 0.3PTI was better 

than PTI, however, when GeNPs increased to 0.9% (0.9PTI), the PCE decreased. These 

results are similar to the work of Gonzalez et al.,251 where Fe3O4 nanoparticles were used 

as dopant in P3HT-PC60BM solar cells. The author observed that at a higher concentration 

of Fe3O4 (>0.6%), the performance of the solar cell decays because of the increased leakage 

currents due to the presence of nanoparticles. 

 

 
Figure 3.27. (a) Schematic energy level diagram and (b) current density versus voltage (J-V) curves of the 

solar cell devices. 

 
Table 3.2. Summary of the Device Performance Under 100 mWcm-2 Simulated AM 1.5 Illumination 
 

 Number 

of pixels 

studied 

Number 

of dead 

pixels 

Jsc (mA 

cm-2) 

Voc (V) FF (%) Lowest 

PCE 

(%) 

Highest 

PCE 

(%) 

PCE 

(%) 

PTI 24 14 -7.1617 0.3941 35.44 0.345 2.82 1.13 

0.3GPTI 24 10 -7.9376 0.4832 39.38 0.483 2.59 1.59 

0.9GPTI 24 10 -7.0071 0.4995 34.04 0.226 2.67 1.34 
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3.4 Conclusion and Future Outlook 
A new combination polymer donor and small molecule acceptor, such as PTB7-Th and IT-

4F, have been used to obtain a better performance of solar cells. GeNPs were used to 

improve the optical and electrical performance of the active layer. The thin films were 

characterized by optical microscopy and AFM to obtain information about morphology. 

GIWAXS and GISAXS were performed to obtain a deeper understanding of their 

crystallinity and inner morphology. Thus, the inorganic/polymer hybrids offer a new 

pathway to improve polymer solar cells.  

In future, the GIWAXS and GISAXS need to be repeated. There were technical faults 

in the measurements and, therefore, the expected scattering did not appear in the 2D 

GIWAXS and GISAXS images. Moreover, there were some sharp reflections that may be 

due to metal impurities. Modeling should be done on the GISAXS data to obtain polymer 

domain sizes and their distance.  

The device characterizations need to be repeated as well because the solar simulator 

was not performing up to the mark. More solar cells need to be fabricated to get better 

statistical data of the performance. The thickness of active layers as well as charge transport 

layers can be changed. 

Dodecyl-GeNPs may not be the best choice for the solar cell since the dodecyl group 

is insulating. Instead, a conductive GeNP surface should be synthesized and used for the 

solar cell. H-terminated GeNPs may also be used.  
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Chapter 4 
 

Inductive Heating to Synthesize a Uniform Size and 
Shape of Germanium Nanoparticles 
 
4.1 Introduction 
Nanoparticles with a uniform shape and size distribution are very important because their 

application depends on the unique opto-electronic properties governed by their size and 

shape.252 Germanium based nanomaterials are very promising for opto-electronic 

application due to their large exciton Bohr radius (ca. 24 nm), narrow band gap (ca. 0.67 

eV in bulk), high carrier mobility, and high absorption coefficient (ca. 2.0 × 105 cm-1 at 2 

eV).41,232 Several morphologies of germanium nanomaterials have been studied over the 

past years, including colloidal nanoparticles,25,62 nanowires,253,254 nanocubes,255 and 

nanosheets.256,257  

Several synthesis strategies were developed by researchers to obtain germanium 

nanoparticles (GeNPs), but controlling their size and shape is still a challenge.25 

Muthuswamy et al.45 synthesized GeNPs via microwave heating of germanium iodides 

(GeI2/GeI4) with strong reducing agents (LiAlH4, n-BuLi, NaBH4). The authors were able 

to synthesize GeNPs with wide a range of sizes (4–10 nm), however, the particle shapes 

were random (Figure 4.1). 

 

 
Figure 4.1. Bright field TEM image of GeNPs obtained by microwave synthesis using a different ratio of 

GeI2/GeI4 precursor: (A) 0.4 mmol GeI2, (B) 0.3/0.1 mmol, and (C) 0.2/0.2 mmol.45 Reprinted with 

permission from reference 45. Copyright 2013 American Chemical Society. 
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Prabakar et al. synthesized GeNPs by reduction of GeCl4 with lithium aluminum 

hydride (LiAlH4), lithium triethyl borohydride (Li(C2H5)3BH), lithium borohydride 

(LiBH4), and sodium borohydride (NaBH4).40 They obtained fairly monodisperse particles 

4–5.5 nm, but the shape of the GeNPs was random. Figure 4.2 shows TEM images of 

allylamine passivated GeNPs obtained from reduction by LiAlH4, Li(C2H5)3BH, LiBH4, 

and NaBH4. 

 

 
Figure 4.2. Bright field TEM image of GeNPs obtained by reduction of GeCl4 by (a) LiAlH4, (b) 

Li(C2H5)3BH, (c) LiBH4, and (d) NaBH4.40 Reprinted with permission from reference 40. Copyright 2010 

American Chemical Society. 

 

In our lab, a new synthesis strategy for Ge nanoparticles (GeNPs) was developed by 

Javadi et al.,51 in which a GeNPs/GeOx composite was synthesized by thermal 

disproportionation of Ge(OH)2. The GeOx was etched by HF to release H-terminated 

GeNPs and was passivated by alkene through thermal and radical initiated 

hydrogermylation. A bright-field TEM image of dodecyl passivated GeNPs is shown in 

Figure 4.3. The GeNPs were randomly shaped and there was little control over size and 

shape. 
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Figure 4.3. Bright field TEM image of dodecyl-GeNPs obtained by thermal hydrogermylation of H-GeNPs 

by 1-dodecene (inset: HRTEM).51 Reprinted with permission from reference 51. Copyright 2017 American 

Chemical Society. 

 

It can be concluded from the different synthesis strategies that it is difficult to 

synthesize GeNPs with uniform shapes from chemical synthesis.62 However, the non-

thermal plasma synthesis gives uniformly faceted GeNPs, as shown in Figure 4.4.258 In a 

non-thermal plasma synthesis, the high energy electrons from plasma dissociates, ionizes 

the gaseous precursor molecule, and forms highly reactive radicals and ions.259 These 

radicals and ions react exothermally to nucleate nanoparticles, followed by coagulation and 

surface growth of charged particles. To obtain small nanoparticles, it is essential to separate 

nucleation from growth by tuning the conditions of plasma and the amount of precursor.  

 
Figure 4.4. (a, b, c) Bright field TEM images and (d) selected area electron diffraction (SAED) of GeNPs 

obtained by non-thermal plasma synthesis from GeCl4. Reprinted with permission from reference 259. 

Copyright 2007 American Chemical Society. 
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Recently, Yu et al. synthesized a morphology-controlled cubooctahedral superlattice 

of silicon nanocrystals by annealing hydrogen silsesquioxane (HSQ) with a periodic 

heating and cooling cycle (Figure 4.5). In addition to taking a long time to obtain the 

desired size and shape using a conventional tube furnace, the temperature of such a furnace 

is not accurate and often overshoots at 300–600 °C.260 We hypothesize that it may be 

possible to separate the nucleation from growth by rapidly heating and cooling and to 

synthesize nanoparticles with a uniform shape and size distribution. 

 

 
Figure 4.5. (a) Temperature profile of the HSQ decomposition process used to obtain Si nanocrystals with 

cuboctahedral shape and (b) bright field TEM image of size-selected Si nanocrystals, with a size histogram 

at the top right corner. Reprinted with permission from reference 261. Copyright 2016 American Chemical 

Society. 

 

Induction heating has become quite useful in the scientific field, especially for 

therapeutic applications where magnetic nanoparticles are used to heat and destroy 

tumor/cancer cells.261 It also is used as the heating technology in industry as well as in the 

laboratory.262 Figure 4.6 shows a typical arrangement of an inductive heating system. An 

alternating current (AC) source is used to generate an alternating voltage to the inductor 

coil.262 The coil generates an alternating magnetic field in the middle of which an induction 

target is placed. The induction target is heated by two physical phenomena, eddy currents 

and magnetic hysteresis. Eddy currents oppose the magnetic field applied to the induction 

target; therefore, they produce heat by the Joule effect.263 Magnetic hysteresis creates 

additional heating in ferromagnetic materials. The advantage of induction heating over 
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conventional heating is that it gives efficient, controlled, fast, and safe heating since it only 

heats the target. Therefore, it is the choice of heating technology in industrial, domestic, 

and medical applications.262 

 

 
Figure 4.6. Typical arrangement of an induction heating system: (a) general view and (b) top view. Reprinted 

with permission from reference 18. Copyright 2013 IEEE. 

 

In this work, induction heating was used as a tool to synthesize GeNPs with uniform 

shape. A graphite crucible was heated inductively by a magnetic field, and the heat was 

transferred to Ge(OH)2 to synthesize GeNPs/GeOx under an inert atmosphere. 

Interestingly, at high temperature, germanium acts as a conductor, which further acts as an 

induction target and heats the semiconductor internally. The advantage of induction heating 

over a conventional tube furnace is that it is possible to perform fast heating and also fast 

cooling by using a cooling jacket.264 Photographs of an induction heating setup are shown 

in Figure 4.7. An EASYHEAT LI induction heating system was used with inert gas and 

cooling water. 

 

 

Figure 4.7. Photographs of (a) an inductive heating system and (b) a graphite crucible with a glass insert. 
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4.2 Experimental 
 

4.2.1 Reagents and Materials 
Germanium dioxide powder (GeO2, 99.9%) was purchased from Gelest. Hypophosphorous 

acid (50 wt% in water), sodium hydroxide pellets, 1-dodecene (95%), and toluene (99.9%, 

HPLC grade) were purchased from Sigma-Aldrich. Toluene was purified using a Pure-Solv 

purification system and collected immediately prior to use. Hydrochloric acid (36.5–38.0 

%) and ammonium hydroxide (28–30%) were purchased from Caledon Labs. Electronics 

grade hydrofluoric acid (HF, 49 % aqueous solution) was purchased from J. T. Baker. 

Ultrapure H2O (18.2 MΩ/cm) was obtained from a Barnstead Nanopure Diamond 

purification system and was used in all reactions. Molecular sieves (4 Å) were purchased 

from Sigma-Aldrich and activated in a vacuum oven prior to use.  

 

4.2.2 Preparation of Ge(OH)2 
Ge(OH)2 was synthesized by reduction of GeO2 using hypophosphorus acid.208 Briefly, 2.0 

g of GeO2 were dissolved in 14 mL freshly prepared aqueous NaOH (~17 M). Then, HCl 

(6 M, 48 mL) was added dropwise to the GeO2 solution to achieve a pH of ~1. Next, 

hypophosphorus acid in water (50 wt% H3PO2; 15 mL) was added, and the mixture was 

refluxed for 5.5 h under argon. After that, conc. NH4OH (20 mL) was added to the boiling 

reaction mixture to yield a brown precipitate that was isolated by vacuum filtration and 

washed three times with 10-mL aliquots of ultrapure water. After drying in a vacuum oven 

at 70 ˚C for 15 h, ca. 1.6 g of ‘brown Ge(OH)2’ were obtained. 

 

4.2.3 Preparation of GeNPs/GeOx from Ge(OH)2 
GeNPs embedded in a germanium oxide matrix (GeNPs/GeOx) were prepared by the two 

following methods: 

(a) About 100 mg of Ge(OH)2 were transferred into a graphite crucible, placed into an 

induction heating chamber using a glass insert, and an Ar flow was applied (Figure 

4.7). Then, a current was applied through the copper coil to produce a magnetic flux 

and corresponding eddy currents, which heat the graphite crucible.264 The obtained 
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GeNPs/GeOx were used for reactions and characterization.  

(b) About 2 g of Ge(OH)2 were transferred into a quartz boat, placed into a Lindberg tube 

furnace, and heated at 400 ºC for 1 h under flowing Ar. The resulting GeNPs/GeOx 

were heated in the induction furnace according to the procedure described above. The 

specific conditions of heating are described in Section 4.3. 

 

4.2.4 Isolation of Hydride-terminated GeNPs 
Hydride-terminated GeNPs (H-GeNPs) were liberated from the GeNP/GeOx via ethanolic 

hydrofluoric acid (HF) etching using a literature procedure.51 See Section 2.2.3 for details. 

 

4.2.5 Hydrogermylation of H-GeNPs Surfaces 
An established literature procedure was employed to modify GeNP surfaces via thermally-

induced hydrogermylation.51 See Section 3.2.4 for details. 

 

4.2.6 Materials Characterization and Instrumentation 
X-ray Diffraction (XRD), bright-field transmission electron microscopy (TEM), and high-

resolution TEM (HRTEM) were employed to characterize the GeNPs. See Section 2.2.6 

for the details of characterization and instrumentation. 
 

4.3 Results and Discussion 
 

4.3.1 GeNPs/GeOx from Ge(OH)2 by Induction Heating 
Ge(OH)2 was prepared by reducing GeO2 with hypophosphorus acid using the literature 

procedure developed in our group.208 Then, Ge(OH)2 was heated inductively using a 

graphite crucible with 151.2, 161.7, and 170.1 A currents for 30 min. The diffraction 

patterns of Ge(OH)2 and GeNPs/GeOx prepared at different currents are shown in Figure 

4.8. The Ge(OH)2 shows broad reflection of the amorphous oxides. At a current of 151.2 

A, reflections at 27.4º, 45.7º, 54.1º, 66.2º, 73.4º, and 83.6º appeared, which can be 

attributed to the 111, 220, 311, 400, 331, and 422 planes of cubic germanium, 

respectively.204 At a current of 161.7 A, the reflections of germanium became sharp, 
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consistent with the growth of nanocrystals. At 170.1 A, reflections from GeO2 appeared 

along with the crystalline Ge.265 

 

 
Figure 4.8. X-ray Diffraction of Ge(OH)2 and GeNPs/GeOx prepared at 151.2 A, 161.7 A, and 170.1 A for 

30 min. The brown lines on the x-axis indicate reflections associated with diamond cubic Ge, PDF# 04-0545, 

while the blue lines indicate reflections associated with GeO2, PDF# 85-1519. 

 

After finding the optimal current required to synthesize the crystalline Ge, five cycles 

of inductive heat was performed on Ge(OH)2 at 161.7 A with the condition illustrated in 

Figure 4.9a. Each cycle consists of 10 min of elevated current (161.7 A) and 5 min at no 

current (0 A) (10 min heating and 5 min cooling). The XRD of GeNPs/GeOx composites 

show characteristic reflections of the crystalline Ge (Figure 4.9b).204  
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Figure 4.9. (a) Schematic drawing of cyclic heating of Ge(OH)2 at 161.7 A. (b) X-ray Diffraction of 

GeNPs/GeOx prepared by cycling heating at 161.7 A. 

 

After that, the GeNPs/GeOx were etched by ethanolic HF, and the liberated H-GeNPs 

were subjected to thermal hydrogermylation with 1-dodecene.51 The dodecyl-GeNPs 

particles are shown in TEM and HRTEM images in Figure 4.10a-b. The particle sizes were 

17.12 ± 3.95 nm. In general, the particles do not have a uniform shape, however, we 

observed facets. The average shifted histogram is shown in Figure 4.10c.214 

 

 
Figure 4.10. (a) Bright field TEM image, (b) high-resolution TEM image (d-spacing = 0.33 nm corresponds 

to the 111 plane of Ge), and (c) average shifted histogram of dodecyl-GeNPs prepared by five cycles of 

annealing at 161.7 A in an induction furnace.  
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4.3.2 GeNPs/GeOx from Pre-annealed Ge(OH)2 

In a second strategy, the Ge(OH)2 was pre-annealed at 400 °C using a Lindberg tube 

furnace for 1 h to obtain the GeNPs/GeOx and then exposed to induction annealing at 151.2 

A for five cycles and 161.7 A for five cycles (each cycle consists of 10 min heating and 5 

min cooling) separately. Figure 4.11 shows diffraction patterns of the GeNPs/GeOx 

annealed in a tube furnace and subsequent cyclic induction heating. The characteristic 

broad reflections of the crystalline GeNPs were observed after the heating of Ge(OH)2 at 

400 ºC. The reflections of GeNPs became sharp as they were subjected to inductive heating 

at 151.2 A for five cycles. Sharper reflections were observed as the current increased to 

161.7 A, consistent with the growth of the Ge nanocrystals. 

 

 
Figure 4.11. X-ray Diffraction of the GeNPs/GeOx annealed at 400 ºC for 1 h in a tube furnace and 

subsequent cyclic induction heating at 151.2 A and 161.7 A. 

 

The dodecyl-GeNPs obtained from the above GeNPs/GeOx were analyzed by TEM 

and are shown in Figure 4.12. The particle size of the dodecyl-GeNPs prepared by heating 

in a tube furnace at 400 ºC is 6.07 ± 1.45 nm, while their size prepared by heating followed 

by five cycles of annealing at 151.2 A is 7.61 ± 1.94 nm. With five cycles of induction 
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heating at 161.7 A, 15.23 ± 4.00 nm sizes of GeNPs are seen, however, they are still random 

in shape. The average shifted histogram of particles obtained from conventional heating 

(Figure 4.12c) followed by cyclic induction heating (Figure 4.12f and 4.12i) indicates that 

the nanoparticles growth follows Ostwald ripening, in which smaller nanoparticles act as a 

seed to form larger nanoparticles.266 

 

 
Figure 4.12. (a, b) Bright field TEM images, and (c) average shifted histogram of dodecyl-GeNPs prepared 

by Lindberg tube furnace at 400 ºC, 1 h, (d, e) Bright field TEM images, and (f) average shifted histogram 

of dodecyl-GeNPs prepared by Lindberg tube furnace at 400 ºC, 1 h, and 5 cycles of inductive heating at 

151.2 A, and (g) Bright field TEM image, (h) high-resolution TEM image (d-spacing = 0.33 nm corresponds 

to 111 plane of Ge), and (f) average shifted histogram of dodecyl-GeNPs prepared by Lindberg tube furnace 

at 400 ºC, 1 h, and 5 cycles of inductive heating at 161.7 A. 
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The GeNPs/GeOx was annealed at 161.7 A with 20-cycles of heating and cooling (10 

min heating and 5 min cooling). The dodecyl-GeNPs obtained from that composite are 

shown in Figure 4.13. The particle sizes were 22.39 ± 3.96 nm. The particle shapes were 

mostly hexagonal; however, random shapes also were observed. The particles were 

aggregated, which might be due to the bigger size. Again, compared to the 5 cycles of 

induction heating, the 20 cycles of induction heating gives bigger particles, and the 

distribution of the particle sizes indicates Ostwald ripening.266 

 

 
Figure 4.13. (a, b) Bright field TEM image, and (c) average shifted histogram of dodecyl-GeNPs prepared 

by Lindberg tube furnace at 400 ºC, 1 h, and 20 cycles of induction heating at 161.7 A in an induction furnace. 

 

4.4 Conclusion 
We have attempted to synthesize GeNPs of uniform shapes and sizes. It is clear that upon 

increased cyclic heating and cooling, the particles started to show facets. However, the 

particles also started to aggregate as the size increases. More experiments need to be done 

to determine the optimum conditions to obtain GeNPs with uniform size and shape. 

Specifically, the number of cycles and the time of heating and cooling needs to change. 

Size selective precipitation also should be done to separate the particles with uniform size. 
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Chapter 5 
 
Summary and Future Directions 
 

5.1 Summary  
The thesis presented here is focused on the synthesis of germanium nanoparticles, their 

surface chemistry, and their application in polymer hybrid solar cells.  

In Chapter 2, a series of experiments were carried out to obtain the optimum reaction 

conditions for dehydrocoupling between the hydride-terminated GeNPs and an alkylsilane. 

After determining the optimum conditions for reaction, three alkylsilanes (octadecylsilane, 

dimethyloctadecylsilane, and hydride-terminated polydimethylsiloxane) were used to 

passivate the surface hydride-terminated GeNPs via dehydrocoupling conditions. A 

hydrogermylation with 1-octadecene also was carried out to compare the reactivity with 

dehydrocoupling. During optimization of the reaction conditions, the reactivity, which was 

evaluated qualitatively by filtering the particles through a hydrophobic (0.45-µ PTFE) 

filter, was found to be better at higher temperatures and longer times. Alkyl/alkylsilane 

passivated GeNPs were analyzed by X-ray diffraction to obtain crystal information as well 

as to obtain the surface strain due to the presence of Ge–C or Ge–Si bonds on the surface. 

Alkylsilane passivated GeNPs showed higher crystal strain compared to alkyl passivated 

GeNPs. Again, tertiary alkylsilane passivated GeNPs (dimethyloctadecylsilane and H-

PDMS) showed higher strain compared to primary alkylsilane passivated GeNPs 

(octadecylsilane).  

In Chapter 3, the dodecyl-terminated GeNPs were used as a doping material in a 

PTB7-Th/IT-4F polymer solar cell. The polymer active layers were characterized by 

Grazing Incidence Small Angle X-ray Scattering (GISAXS) and Grazing Incidence Wide 

Angle X-ray Scattering (GIWAXS) to obtain information on the structure and morphology 

of the fabricated films. From GISAXS and GIWAXS, it is possible to obtain information 

about the preferred crystalline orientation of the polymer as well as the polymer grain size. 

However, the measurements need to be repeated because of instrument problems during 

measurements. The UV-vis absorption spectra show increased absorption due to the 
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addition of GeNPs (0.1–0.9 wt%) in the active layer. Inverted structured polymer solar 

cells were fabricated by blending 0, 0.3, 0.9 wt% of GeNPs in the active layers, and the 

performance of the devices were evaluated. The performance of solar cells incorporated 

with GeNPs was better than that of the polymer solar cells. However, incorporation 0.9% 

GeNPs showed inferior performance (1.36%) than 0.3% GeNPs (1.59%).  

In Chapter 4, induction heating was used to synthesize GeNPs with uniform shapes 

and size distributions. The Ge(OH)2 and GeNPs/GeOx composites were annealed and 

cooled periodically for up to five cycles, but the particles did not display any preferred 

shapes apart from the size increase due to Ostwald ripening. At 20 cycles of periodic 

heating and cooling, hexagonal facets of GeNPs were observed in TEM, but the particles 

were aggregated. More experiments need to be done in order to obtain GeNPs with uniform 

shapes and sizes.  

 

5.2 Future Directions 
5.2.1 Investigation of the Amorphous and Crystalline GeNPs 
In Chapter 2, dehydrocoupling was proven successful, but amorphous germanium content 

was seen, along with crystalline GeNPs. The source of amorphous content is unknown at 

this point, but there are two sources that they might come from. During heating of Ge(OH)2 

at 400 ºC to obtain GeNPs/GeOx, it is possible to obtain a mixture of both amorphous and 

crystalline GeNPs. Raman spectroscopy can be used to obtain further information. For 

crystalline Ge, there is a Raman shift at 299 cm-1, and for amorphous Ge, it shows a broad 

peak at 285 cm-1. Again, a high temperature reaction may lead to amorphous particles. 

Kauzlarich and coworkers37 reported a synthesis of crystalline butyl-GeNPs by reduction 

of GeCl4 with Na(naphthalide). Upon heating at 300 ºC in vacuum, the particles became 

amorphous; these were later crystalized at 550 to 600 ºC. In the current method, 

dehydrocoupling reactions were carried out at 180 ºC for 96 h; this high temperature and 

long-time reaction might induce amorphousness in the nanoparticles. This can be 

confirmed by comparing the Raman data and TEM data for the product after 24 h and 96 

h.  
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5.2.2 Optimization of the Active Layer of Solar Cell 
In Chapter 3, dodecyl-GeNPs were used in polymer solar cells to improve their efficiency. 

The PCE was, in fact, improved from 1.13% to 1.59% by incorporating 0.3% GeNPs. 

However, the PCE with PTB7-Th donor and IT-4F acceptor should be 8 to 10% because 

similar solar cells made with PTB7-Th and ITIC showed ~8.0% efficiency.267 Therefore, 

we need to repeat the experiment and optimize the thickness and processing conditions of 

the active layer. The electron extraction layer (MoO3) also may be changed. To improve 

the solar cell further, dodecyl passivation can be replaced by a conductive surface ligand, 

such as phenyl acetylene or a conductive polymer. Hydride-terminated GeNPs also can be 

used for efficient charge transfer. Although using 0.9 wt% GeNPs showed a decrease in 

performance, more experiments should be carried out by using 1–5 wt% of GeNPs to see 

the trend in the performance of solar cells. In addition, different sizes of GeNPs can be 

applied to observe the effect of the size of nanoparticles on the efficiency of solar cells. 

 

5.2.3 Follow Up Research on Induction Heating 
In Chapter 4, induction heating was applied to synthesize a uniform shape and size 

distribution of GeNPs by periodic heating and cooling. Up to 20 cycles of periodic heating 

(10 min) and cooling (5 min) at 161.2 A showed hexagonal faceted GeNPs. More 

experiments need to be carried out by changing the number of cycles and the time of 

heating and cooling. Similar to Korgel and coworkers,260 size selective precipitation also 

should be performed to isolate particles with different sizes and shapes.  

 

5.2.4 GeNPs/P3HT Functional Hybrid Materials 
GeNPs have potential uses in photodetectors, thin film transistors, and solar cells, among 

other optoelectronic applications. However, their utility is limited because the non-

passivated surfaces usually are oxidized, rendering them non-conductive, and the 

passivated surfaces usually are made by non-conductive ligands. To explore their potential 

application, GeNPs need to be passivated by conducting or semiconducting surface groups. 

A mixture of GeNPs and P3HT polymer was applied into a photodetector by Wan and 

coworkers.268 The authors obtained a significant increase in photocurrent in the hybrid 

device compared to GeNPs and P3HT alone, thus attained a superior photodetector. Veinot 
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and coworkers269 synthesized P3HT functionalized silicon nanocrystals (SiNCs) by direct 

interfacial bonds on their surface. The authors achieved grafting of P3HT on to hydride-

terminated silicon nanocrystals (SiNCs) by surface initiated Kumada catalyst transfer 

polycondensation. A similar reactivity can be achieved on the surface of GeNPs (Figure 

5.1), allowing them to be used in photodetectors and thin film transistors.  

 

 
Figure 5.1. Schematic proposed synthesis of GeNPs-P3HT hybrid materials. 

 

5.2.5 GeNPs for Lithium-ion Battery 
GeNPs are very promising for lithium batteries (LIBs) because of their high theoretical 

capacity (1600 mAh/g), high volume expansion (370 %), good lithium diffusivity (400 

times higher than silicon), and high electrical conductivity (104 times higher than 

silicon).270 However, during lithiation/delithiation processes, GeNPs can aggregate and 

merge into micron-sized particles. This process leads to structural fracturing and 

pulverization that destroy the connections between the conductive matrix and the 

germanium. To overcome this issue, several approaches have been explored, including the 

mixing of GeNPs with carbon-based materials,97 In addition, germanium-polymer 

composites have shown high capacities as anode materials,270 however, these types of 

materials have not been studied widely. Fortunately, we can draw inspiration from 
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analogous investigations of silicon nanocrystals where Chen et al.271 synthesized a core-

shell silicon/polyaniline nanocomposite that showed impressive device metrices. The 

polyaniline served as a matrix that simultaneously improved the electrical contact between 

the binders and electrode materials and prevented silicon nanoparticles from degrading 

upon expansion during lithiation/delithiation processes. In another report, Aghajamali et 

al.272 synthesized 10-undecenoic acid functionalized SiNCs and introduced them into a 

graphene aerogel. The resulting SiNCs-graphene aerogel composite was used as the anode 

material in LIBs, and they obtained a stable specific capacity of ~1100 mAh/g over 500 

cycles, with 90% capacity retention. Based on the similarity between silicon and 

germanium chemistry, it is possible to apply GeNPs-polyaniline and GeNPs-graphene 

aerogel composites as the anode materials of LIBs.  
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APPENDIX A 

 

 
Figure A1. EDX mapping of empty holey carbon TEM grid suggesting adventitious carbon and oxygen 
as well as Si impurities. 

 

A control reaction was performed using only octadecylsilane and dodecane. It was 

not possible to separate any solid mass by using toluene, acetonitrile, and centrifuging as 

in the DHC reactions. Therefore, the toluene and acetonitrile were evacuated with a 

rotovap, and the liquid was characterized by FTIR and 1H-NMR. The FTIR shows 

characteristic stretching and bending modes of dodecane and octadecylsilane (Figure A2). 

Similar to the FTIR, 1H-NMR also shows characteristic resonances for dodecane and 

octdecylsilane (Figure A3). The silane proton (Si–H) at 3.48 ppm is still present in the same 

place, however, its intensity is low; this might be due the high intensity of dodecane 

protons. 
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Figure A2. FTIR of the control reaction performed by using dodecane and octadecylsilane. 

 

 
Figure A3. 1H-NMR of the product of the control reaction (blue line), dodecane (red line), and 
octadecylsilane (grey line) in CDCl3 solvent with 0.03% TMS (* suggests methyl peak of toluene). 
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