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1 Abstract 

Bonding, Structure, and Disorder of Large Dopants in Colloidal Germanium 

Quantum Dots 

Heather Renee Sully 

Semiconductors are an integral part of modern society, enabling numerous 

technologies such as transistors, microchips, detectors, solar cells, and LEDs. 

Semiconductor electronic properties are sensitive to microstructure which enables a 

high level of control over these properties and an ability to engineer them for 

applications. The development of these applications requires precise control of purity 

and impurity of semiconductor elements achieved through high temperature, high 

energy processes which produce large amounts of toxic waste.  

Colloidal (suspended in solution) semiconductor quantum dots (QDs) have the 

potential to replace their bulk counterparts by eliminating these high temperature, high 

energy processes to produce large-area, flexible, and solution-processed thin film 

arrays.1–3 Just like bulk counterparts, QDs’ properties can be enhanced through doping 

with impurity atoms. Many of the challenges facing functional QD systems are tied to 

disorder; therefore, careful characterization of doped QDs is critical to fulfilling the 

potential of these materials as active materials for electronic applications.  

This thesis reports studies of three elemental species incorporated into crystalline 

colloidal germanium (Ge) QDs: tin (Sn), antimony (Sb) and bismuth (Bi) along with 

the effects of ligand exchange. Extended X-Ray Absorption Fine Structure (EXAFS) 

and various other advanced characterization methods were used to decipher disorder, 
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bonding modalities and lattice incorporation of dopants under processing and chemical 

environment conditions. All dopants studied were found to reside on the host lattice 

either on the surface of QDs or in the interior in disordered states.   
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3 Introduction 

A rich development in synthesis methods has produced a variety of elemental and compound 

semiconductor QDs with potential application in LEDs, photodetectors, solar cells, field-effect 

transistors, memory elements and thermoelectrics. Colloidal semiconductor quantum dots (QDs) 

have the potential to replace their bulk counterparts by eliminating high temperature, high energy 

processes to produce large-area, flexible, and solution-processed thin film arrays.1–3 QD solutions 

are used to spin coat, dip coat or inkjet print thin films.1In contrast to the high temperature 

treatments required to crystallize inorganic bulk semiconductors, these low temperature and low 

cost fabrication methods support greener and more economical devices, particularly important for 

the alternative energy sector.  

3.1 Quantum Dots and Photovoltaics 

Global energy demands are expanding with the growth in consumption of electricity that has 

resulted in both technological development and adaption. Concurrently, increases in atmospheric 

CO2 concentrations and the consequences to the climate and air quality are motivating a growing 

demand for renewable energy solutions at a competitive cost to conventional fuel sources (coal, 

gas, and oil).  

Photovoltaics are a growing industry supported by tax credits, declining costs and increasing 

demand. However, module tariffs caused a market decline of 2% in 2018. Although market growth 

resumed in 2019 and will presumably continue despite the coronavirus outbreak, reducing the price 

per watt is important for widespread adoption necessary to impact climate change. Lowering the 

manufacturing cost and increasing efficiency are both key pathways towards this goal. As noted 

previously, the solution processing of colloidal QD offers a pathway to much cheaper 
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manufacturing. The chart in Figure 1 shows the connection between the PV system price and 

installed capacity. 

 

Figure 1. The inverse relationship between installed capacity and system price for Solar PV 

in the U.S. as reported in the SEIA/Wood Mackenzie Power & Renewables U.S. Solar 

Market Insight 2019.  

First generation or traditional solar cells are crystalline silicon and dominate market share of 

installed PV. Typical efficiencies for commercially available silicon panels are typically between 

15 and 22 % efficient with SunPower topping off the competition with 22.8% efficiency. The most 

efficient solar cells are multijunction tandem cells which use multiple active materials to absorb a 

wider range of the solar spectrum, the record reaching almost 40% efficient as shown in Figure 2, 

the highest research efficiencies achieved.  
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Figure 2. (a) The NREL chart of record research solar cell efficiencies.  

Multijunction or tandem cells are a stack which places a lower band gap material as the base 

with ascending higher gap materials above it. Ge with its low band gap energy of 0.67 eV is often 

utilized as a bottom layer in stacks such as InGaP/GaAs/InGaAsN/Ge.4 (Scaccabarozzi) Quantum 

dots, which have found widespread use in fields such as biomedicine, photovoltaics, and 

electronics, are often called artificial atoms due to their size-dependent physical properties. Here 

this analogy is extended to consider artificial nanocrystal molecules, formed from well-defined 

groupings of plasmonically or electronically coupled single nanocrystals. Just as a hydrogen 

molecule has properties distinct from two uncoupled hydrogen atoms, a key feature of nanocrystal 

molecules is that they exhibit properties altered from those of the component nanoparticles due to 

coupling. The nature of the coupling between nanocrystal atoms and its response to vibrations and 

deformations of the nanocrystal molecule bonds are of particular interest. We discuss synthetic 

approaches, predicted and observed physical properties, and prospects and challenges toward this 
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new class of materials. Quantum dots, which have found widespread use in fields such as 

biomedicine, photovoltaics, and electronics, are often called artificial atoms due to their size-

dependent physical properties. Here this analogy is extended to consider artificial nanocrystal 

molecules, formed from well-defined groupings of plasmonically or electronically coupled single 

nanocrystals. Just as a hydrogen molecule has properties distinct from two uncoupled hydrogen 

atoms, a key feature of nanocrystal molecules is that they exhibit properties altered from those of 

the component nanoparticles due to coupling. The nature of the coupling between nanocrystal 

atoms and its response to vibrations and deformations of the nanocrystal molecule bonds are of 

particular interest. We discuss synthetic approaches, predicted and observed physical properties, 

and prospects and challenges toward this new class of materials. Quantum dots, which have found 

widespread use in fields such as biomedicine, photovoltaics, and electronics, are often called 

artificial atoms due to their size-dependent physical properties. Here this analogy is extended to 

consider artificial nanocrystal molecules, formed from well-defined groupings of plasmonically or 

electronically coupled single nanocrystals. Just as a hydrogen molecule has properties distinct from 

two uncoupled hydrogen atoms, a key feature of nanocrystal molecules is that they exhibit 

properties altered from those of the component nanoparticles due to coupling. The nature of the 

coupling between nanocrystal atoms and its response to vibrations and deformations of the 

nanocrystal molecule bonds are of particular interest. We discuss synthetic approaches, predicted 

and observed physical properties, and prospects and challenges toward this new class of materials.4 

However, tandem cells are limited to specialty applications such as space due to the high cost of 

manufacture.  

 Second generation solar cells are composed of thin films. They are micrometers thick, 

lightweight and flexible although have lower efficiencies (6-12%). Third generation solar cells 
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include multiple technologies that don’t require a p-n junction. Included in this category are 

polymer, dye-sensitized, perovskite and nanoparticle/QD solar cells. Third generation solar cells 

account for ~1% of the market share and are largely in research phase.  

Demand for flexible and lightweight PV is growing as the IoT is creating demand for sensors 

incorporated into everyday objects. Although first generation solar will likely be dominate panel 

installation, room for thin film and QD PV will be driven by less traditional applications. An 

example is a PbS QD PV cell designed for energy harvesting from the thermal radiation off the 

human body.5   

3.2 Active Materials for InfraRed Applications 

Another growing market is for photodetectors particularly in the IR region. Silicon is used for 

detection in the visible range, but IR is needed for telecommunications, bioimaging, environmental 

sensing, spectroscopy and night-vision systems.1 (Shevchenko, 2010). The inexpensive solution 

processing and electronic tunability of QDs hold promise for such applications. Although other 

narrow-gap materials such as PbS, PbSe and InAs are candidates for such applications, Ge QDs 

offer a low-toxicity alternative to heavy metal-containing materials. Bulk Ge has a narrow and 

desirable bandgap (0.67 eV at 300 K) and the large Bohr excitation radius of ~24 nm results in a 

wide range of bandgap tenability. Bulk Ge has a number of advantageous qualities such as a high 

carrier mobility, important for transport, and high absorption coefficient6–9 which translate well to 

nanomaterials.  

Successes with QDs have been achieved as biomedical luminescent tags, displays and energy 

conversion. These include perovskite QDs such as the current record holder for the highest 

efficiency QD solar cell (16.6%)10–12 and PbS QDs which has reached 12% as well as being 

developed for commercial integration.10,13 The progress experienced by these materials after years 
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of optimizing surface treatments, device architecture, synthesis and matrix materials offer promise 

for the Ge QD system.11,12  

3.3 Unique Challenges for Quantum Dots 

Structural disorder is a key parameter for controlling electronic properties in QDs. Size 

dispersion causes dispersion of orbital energies across individual particles inhibiting electron 

transfer. Dangling surface bonds also create barriers to transport so surface passivation is an 

important parameter to control. Vacancies and deviations from crystal arrangement act as trap 

states. Impurity atoms can be intentionally included as dopants to increase charge carriers.14–16 

Semiconductor QDs often exhibit low conductivity due to low concentrations of charge carriers 

due to higher exciton binding energy as well as the high number of traps.17   

Several synthetic methods have been used to fabricate QDs, including chemical vapor deposition 

(CVD), molecular beam epitaxy (MBE) and gas phase synthesis.9,18–21 Solution synthesis has 

several advantages: the use of common reagents, scalability, and production of suspended colloids 

which can be transferred into various solvents. Kinetically controlled crystal growth and altered 

chemistry due to the high surface to volume ratios are known to make the synthetic chemistry of 

QDs different from that of bulk counterparts.22–24 Fundamental understanding of crystallization of 

elemental QDs with is still in development, as many elemental systems have unique synthesis 

characteristics.  

3.4 Doping QDs 

Electronics and optoelectronics, such as diodes, solar cells and transistors, depend on tuning the 

properties of bulk semiconductors by doping with heterovalent atoms.14,25 To realize the potential 

for QDs as the active layer in electronic devices such as photodetectors, LEDs, solar cells and 

memory, increasing charge carrier density is critical as charge transport in pure QDs is inherently 

limited.14,22,26–28 For bulk semiconductors, doping is the primary way to tune electronic or optical 
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properties and increase  the concentration of charge carriers.29,30 Many compound semiconductors 

QDs have been the focus of these efforts such as CdSe, InAs and PbS.22,26,31     

Halide precursors can be reduced in the presence of a capping agent32–34 and the mixed valence 

reduction method (using for example GeI2 and GeI4) has been used to produce both Si and Ge 

QDs.34–36 Doping is accomplished during synthesis by employing an additional halide precursor 

that contains the desired doping element and can be co-reduced and incorporated into the lattice. 

For example, PCl3 and SiCl4 co-reduced with Mg in 1,2-dimethoxyethane produce P-doped Si 

nanocrystals.19,37 Ruddy et al. synthesized Ge QDs with group III, IV, and V dopants to increase 

n- and p-type character. Although elemental analysis showed compositions ranging from 0.91 to 

1.4 mol% dopant, the QDs lacked free charge carriers and had a negligible increase in 

conductivity.8 Other groups were able to detect changes in the conductivity of Ge QDs doped with 

transition metals and main group elements.20,38,39  

The high surface area of nanomaterials distinguishes them from bulk counterparts, which is an 

important consideration when characterizing dopant location. Oliva-Chatelain et al. categorized 

dopants as c-type when the dopant is inside the crystal, s-type when the dopant is on the surface 

and m-type when the dopant is in the matrix, which applies to QDs in a solid matrix such as SiO2 

or when capping ligands contain the doping atom. The authors point out that these dopant types 

can coexist and that they may act in different ways. S-type doping may be substitutional or weakly 

bound to the surface.19 Although they have a small atomic radius compared to Ge, phosphorus (P) 

and boron (B) dopants in Ge nanocrystals were found to occupy the surface of QDs synthesized 

via a nonthermal plasma.9,20 In any of these locations, dopants may be present but not electronically 

active in the intended way of contributing charge carriers to current in the material. Firstly, in order 

to contribute to charge carriers, the doping atoms must also be shallow dopants that ionize 
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easily.1,16,23,40 Secondly, dopants may phase segregate, bonding to other dopant atoms instead of 

host atoms, or act as recombination centers if there is high disorder around dopant atoms.30 Early 

efforts were frustrated by ‘self-purification’ in which impurities were expelled.22,41 For these 

reasons, characterizing the structure of doped QDs is crucial to developing doped QDs for 

optoelectronic applications.  

3.5 Scope of this Thesis 

This thesis investigates structural disorder in pure and doped Ge QDs primarily with EXAFS. 

Extended X-ray absorption fine structure (EXAFS) provides element specific local structure 

information including the number of nearest neighbors, bond length and disorder. Besides 

distinguishing amorphous versus crystalline character of nanoparticles,42 EXAFS can distinguish 

dopant clustering from lattice incorporation by differentiating between the species of the nearest 

neighbor atoms.43  Characterizing low percentage dopants in colloidal QDs is challenging, 

especially for non-fluorescing elements such as Ge. Dopant concentration must be kept low to 

prevent transition from semiconductor to the semimental.19 Dopant concentrations between 0.5-

1.5 mol % correspond to 1020-1021 Bi atoms per cm3. The dopant signal is often undetectable and 

limited to elemental analysis.16,23,25,38 Some groups have determined the location of dopants in Ge 

QDs by oxidizing and etching their material. However, this does not give information about how 

dopants are incorporated into the host crystal.9,20 EXAFS spectra is used to provide a model of 

where and how dopant atoms are incorporated into the Ge host crystal lattice, whether on the 

surface or within the particle. 

The effect of ligand exchange on disorder is also studied and provides a greater understanding 

of how exchange affects bonding and order on the QD surface. The high surface area of QDs 

requires surface functionalization with ligand molecules for colloidal QDs to be soluble. In 
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addition, the type of ligand is important for functionalization as it effects the chemical, electrical 

and optical behavior.44 The effect of ligand-induced surface dipoles on energy levels of PbS and 

CdSe QDs has been studied and presents an understanding based on electrostatic considerations.45–

48 Less explored is the relationship between structural disorder and ligands or ligand exchange due 

to the limited techniques for determining the atomic arrangement of nanomaterials. Surface atoms 

are susceptible to disorder induced trap states and deviation from expected crystal bond lengths. 

Various ligand molecules will induce different electron sharing based on their molecular properties 

which can reorder the surface structure of QDs through bond length modification. Alternatively, 

the process of ligand exchange puts QD surface atoms in a state of under-coordination and then 

restored coordination with heat treatment. Ligand exchange for ZrO2 nanocrystals was found to 

induce strain rearrangement which decreased structural disorder.49 Ligand exchange processing as 

a pathway to reduce QD disorder presents an opportunity to further the development of functional 

nanomaterials.  

Results are supported with various other characterization techniques such as photothermal 

deflection spectroscopy (PDS), transmission electron microscopy (TEM), x-ray diffraction (XRD) 

and conductive atomic force microscopy (c-AFM).  
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4 Quantum Physics of 0-D materials: Quantum Dots 

The promise of semiconductor colloidal QDs for electronic applications is the potential 

manufacturing advantages and the ability to manipulate their properties through quantum 

confinement affects.  Solution processing offers low-cost manufacturing that benefits from large 

area, lightweight, flexible, enhanced absorption and high throughput. These features are 

particularly valued as applications and demands on semiconductor devices expand.1–4  Microwave-

assisted low temperature synthesis used to make the QDs for this thesis is scalable and produces 

samples that can be dispersed in many types of solvents.5–7 This enables QDs films to be integrated 

with different types of layered devices. Quantum behavior provides the ability to tune band gap 

with size and shape, and enhanced absorption due to high oscillator strength. 

However, QD materials also face challenges many which originate from disorder. Disorder is an 

inherent property of surfaces which in bulk materials is often negligible. The large surface-to-

volume relationship in nanocrystals consequently make surface states dominate as size shrinks. 

These effects play out in low mobility or transport of charge carriers, air sensitivity, and trap 

states.1,8–11 This chapter covers the fundamental science of how quantum effects absorption and 

electronic states before discussing defects and the consequences on QD performance in 

optoelectronic devices.  

4.1 Defining Quantum  

Nanomaterials are defined as having at least one dimension 100 nanometers (10-9 meters) or less 

in length. Quantum materials are a subset of this category that exhibits quantum behavior. This 

includes quantum wells, quantum wires and QDs which are confined in one, two and three 

dimensions. A dramatic effect of quantum confinement is the change in bandgap with size. This is 

illustrated in Figure 1 with CdSe QDs.12–14  
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Figure 1. Change in band gap with size in solutions of cadmium selenide QDs (a) The 

dramatic visual affect (Wikimedia commons) and (b) shift in absorbance spectra and 

emission. 13 

When a spatial dimension of a solid is smaller than the Bohr radius of the exciton, electron and 

hole the material is strongly confined. These are material dependent properties as shown in 

equations 1 and 2 which include the effective mass of the particle, m, and ε, the dielectric 

constant. 12,15 

 

 
𝒓𝒆,𝒉 =

𝟒𝝅ħ𝟐𝝐

𝒒𝟐𝒎𝒆,𝒉
 

Eq. 1 

 

The exciton Bohr radius: 

 

 
𝒓𝑩 =

𝟒𝝅ħ𝟐𝝐

𝒒𝟐
(

𝟏

𝒎𝒆
∗

+
𝟏

𝒎𝒉
∗ ) 

Eq. 2 

 

 

Another conceptual way to describe confinement is using the de Broglie wavelength. The 

material is confined if the special dimensions are smaller than the de Broglie wavelength of the 

electron or hole as the wavelength is confined by the boundary of the surface. The quantum 

mechanical wave-particle-duality is described by the coherence of the de Broglie wavelength and 



18 

 

Bohr radius of electrons around their atom. This understanding is what allowed Schrodinger to 

model electrons as waves and solve the particle in a box.3,16,17 

The Brus equation, equation 4, describes the relationship between bandgap and particle size. The 

first term uses Schrodinger’s results and represents the energy due to quantum confinement. 

Schrödinger described electrons as standing waves confined by infinite potential barrier in a well 

of length a.  

The wavefunction ψ is found by solving Schrödinger’s equation, shown in Equation 3.  

 

 𝒅𝟐𝝍

𝒅𝒙𝟐
+

𝟐𝒎

ħ𝟐
𝑬𝝍 = 𝟎 

 

Eq. 3 

 

Using the solution ψ(x) = A exp (jkx) + B exp (-jkx) to solve for energy of the electron gives E= 

h2n2/8ma2. This shows that the energy of the electron only holds quantized values determined by 

the integer values of n, the quantum number. This is the framework used in solving the 

wavefunctions of an individual atom as the allowable energies of electron orbitals around the 

nucleus are quantized and governed by the principal quantum number (E=-13.6 eV/n2 ).18 Brus 

used the ‘effective mass approximations’ for the mass of an excited electron (me
*) and hole (mh

*) 

in an QD.  

 

 
𝜟𝑬𝒈 =

ħ𝟐𝝅𝟐

𝟐𝑹𝟐
(

𝟏

𝒎𝒆
∗
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𝟏

𝒎𝒉
∗ ) −

𝟏. 𝟖𝒒𝟐

𝟒𝝅𝝐𝑹𝟐
 

 

Eq. 4 

 



19 

 

The second term is due to the Coulombic interaction energy between the electron and hole in an 

exciton. The numeric term is from wave function overlap.19  

The electronic structure of a QD is intermediate between a single atom or molecule and that of 

condense bulk phase as it has features of both. In a bulk crystal, many atoms are available to be 

involved in bonding (LUMO) and anti-bonding (HOMO) electron wave interactions. The valence 

electrons are standing waves that have a de Broglie wavelength of 16 nm in Ge.12 The electron 

waves are significantly longer than the lattice constant, consequently the wave interactions extend 

away from their host atom to interact over a length equal to the de Broglie. The electron waves, or 

the bonding/anti-bonding orbitals, overlap and, consistent with the Pauli exclusion principal, split 

into bands. As the number of energy levels in the VB and the CB are numerous, the band widens 

and defines the forbidden gap between the bonding and anti-bonding bands.12,20  

The electronic structure in a QD is composed of a few tens to a few thousands of atomic valence 

orbitals. At intermediate energy within the band, there will be a large density of states and discrete 

energy states near the band edges where there exists a low density of states. Consequently, the bad 

gap is wider due to the lower number of states in the band edge regions.14,21,22 The band energy 

regimes between the molecular, nanocrystal and bulk behavior is shown in Figure 2.  

 

 

Figure 2. Schematic of electron energies for a molecule, QD and bulk. 13 
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The splitting of energy levels in an isolated, individual Ge atom was measured using scanning 

tunneling microscopy and the results are shown in Figure 3.23 All samples are in strong 

confinement as seen in the distinct discreet energy levels. Between 10 and 3 nm the band gap 

increases as expected. Significantly, the authors performed this analysis on an individual QD. This 

is because slight differences in size and shape can smear out the discrete energy states. 

 

Figure 3 STM tunneling spectra of individual-isolated Ge NC of diameters ~3.0, 5.3 and 

10nm Showing the effect of quantum confinement on the band gap: it increases with 

decreasing QD size.  

4.2 Size Disorder and Optical Properties 

The first publication on QDs appeared in 1981 by Ekimov who noted the shift in optical band 

gap and identified it as a quantum size effect. He also noticed a broadening of the exciton-

absorption lines, not discrete lines.18 This was because QD size polydispersity causes a dispersion 

of electronic states leading to a smearing in the absorption spectra. Efforts over the last two decades 

have improved the synthesis of monodispersed Pb and Cd based nanoparticle colloids.9,24–27 
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Choice of precursor, ligands and controlled nucleation with careful temperature control have 

produced spherical and highly crystalline particles. Single crystal QDs are shown in Figure 4.26 

 

Figure 4. High resolution TEM of single crystal CdSe colloidal QDs.  

 

The full width at half-maximum (FWHM) is used as a measure of monodipersity.27 Chen et al 

published on their synthesis method using octanethiol precursor to produce samples with uniform 

size. Figure 5 shows the PL emission spectrum of CdSe QDs from the octanethiol procedure and 

a conventional method.20,28,29 The results of the conventional method are shown in b and d. From 

TEM, the sample has ~6% polydispersion while the ‘new’ method, has ~4% and more uniform 

shape, shown in c. The FWHM of a single particle, which is shown in blue on the emission spectra, 

is 63 meV. The new method has only a 6 meV increase in FWHM, Figure 5 (a), while the value 

for the conventional method is 111 meV. This highlights the influence of even small increases of 

polydispersion on the optical broadening.  
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Figure 5. Size polydispersity of CdSe QDs synthesized by two procedures. The PL FWHM 

(a and b) of QD samples (blue line) compared to a single particle (red line) for the octanethiol 

precursor synthesis (a) and the ‘conventional’ method (b). TEM micrographs, (c and d) show 

that the conventional method results in 6% polydispersion and the new method has 4% 

polydispersion and more uniform shape and packing.   

4.3 Transport Challenges 

As QD size controls the energies of electron states, the distribution of electronic states leads to 

inconsistent energy paths for charge carriers. Size variation also results in disordered packing and 

variation across interdot spacing creating inconsistent width and height barriers. Charge transport 

is one of the challenges to functionalizing QDs into applications, and extensive effort has gone 

into deconvoluting the mechanisms.10,25,30 Drift-diffusion concepts are used to model transport in 

bulk. Except for with semiconductors contain some interfaces at contacts or grain boundaries. 

c) d) 
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Single-crystal materials are dominated by drift-diffusion mechanisms which are controlled by 

mobility, number of charge carriers, the Fermi energy and temperature. If the dimension of crystals 

in multicrystalline inorganics are larger than the scattering length, the same models are used. 

However, at grain boundaries injection, recombination and tunneling processes occur.31 As these 

interfaces dominate nanoparticle behavior, charge carrier movement occurs by overcoming 

energetic barriers at interfaces and trap states are a major factor. This is known as a hoping 

transport mechanism as charge carries hop between localized states. Mobilities are low, less than 

1 cm2 V-1 s-1. A temperature dependence of conductivity that is typical of metals is characteristic 

of this mode of conduction (G): as temperature increases, resistance also increases. This follows 

an Arrhenius type temperature dependence of log(G) is proportional to 1/Temperature. Interdot 

separation is a barrier to charge movement. In contrast, inter-dot coupling, found in close-packed 

ordered films, delocalizes QD states across a QD arrays enabling bulk-like transport via minibands 

and mobilities of greater than 10 cm2 V-1 s-1 can be achieved.10,20,29  

Capping ligands also form a barrier to coupling. The high surface area of QDs requires surface 

functionalization with ligand molecules in order for colloidal QDs to be soluble in solution. The 

long, organic ligands typically used in synthesis form insulting barriers between QDs. Ligand-

exchange is used to replace these highly insulating chemistries for shorter molecules with more 

favorable surface dipoles such as inorganic halides8 or short organics such as amines or thiols.9,20 

Thoughtful consideration of ligand chemistries are necessary not only for QD solubility and low 

energetic barriers to transport but more fundamentally to passivate dangling bonds on the QD 

surface. The QD surface exposes multiple crystal facets and under-coordinated surface atoms 

create dangling bonds.  
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Dangling bonds have been studied extensively on silicon for microelectronic applications such 

as MOS devices. A single DB is known to induce a negative below gap state charge. Many DB on 

an unpassivated surface lead to atomic rearrangement with altered bond lengths and angles. 

Calculating these interactions is challenging however, approximations suggest that these DBs lead 

to formation of a band of states within the gap.32 These surface states tend to be traps for 

photoexcited charge carriers and interfere with efficient charge extraction.30,33  

4.4 Doping QDs 

Impurity atoms are purposely incorporated into semiconductors as dopants to manipulate 

properties of interest for optoelectronics. Semiconductors have on the order of 1022 atoms per cm3. 

Each cm3 of Ge has 4.22*1022 atoms and 2.5*1013 free electrons. Adding 0.001% As donates 1017 

free electrons which increases the conductivity by a factor of 10,000. The ability to control such 

properties is what makes the use of semiconductors so ubiquitous and motivates doping 

semiconductor QDs. However, the mechanisms for doping high surface area nanomaterials are 

distinct from bulk semiconductors.  

Kinetically controlled crystal growth impact how dopants are or are not incorporated into lattice 

structure.34–36 The tendency for self-segregation of dopants has been a common issue.37 

Fundamental understanding of crystallization of elemental QDs with doping of QDs is still in 

development, as many elemental systems have unique synthesis characteristics. 

The high surface area of nanomaterials distinguishes them from bulk counterparts, which is an 

important consideration when characterizing dopant location. Oliva-Chatelain et al. categorized 

dopants as c-type when the dopant is inside the crystal, s-type when the dopant is on the surface 

and m-type when the dopant is in the matrix, which applies to QDs in a solid matrix such as SiO2 

or when capping ligands contain the doping atom. The authors point out that these dopant types 
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can coexist and that they may act in different ways. S-type doping may be substitutional or weakly 

bound to the surface.38 Although they have a small atomic radius compared to Germanium, 

phosphorus (P) and boron (B) dopants in Ge nanocrystals were found to occupy the surface of QDs 

synthesized via a nonthermal plasma.39,40 In any of these locations, dopants may be present but not 

electronically active in the intended way of contributing charge carriers to current in the material. 

Firstly, in order to contribute to charge carriers, the doping atoms must also be shallow dopants 

that ionize easily.35,41–43 Secondly, dopants may phase segregate, bonding to other dopant atoms 

instead of host atoms, or act as recombination centers if there is high disorder around dopant 

atoms.44 Specifics of large dopants in Ge QDs, the subject of this research, will be further discussed 

in subsequent chapters.  

4.5 Devices 

QD materials are scientifically fascinating but for technological exploitation, optimizing the 

characteristics discussed thus far are necessary. Highest efficiencies have been reached using lead-

based and perovskite QDs. Solar cells using PbX QDs provide an example and road map for 

success as the efficiency of these devices are grown to over 10%.45–51 Germanium holds many of 

the same desirable properties as PbS which are high light absorption, large Bohr radius and highly 

tunable band gap.46 Figure 6 shows the growth of QD cell efficiencies over the last decade.   
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Figure 6 Growth in PCE in colloidal QD solar cells from 2008 to 2019. Lead-based QD 

devices are shown in red, purple marks performance of CsPbI3 QD devices and blue is the 

record out of the National Renewable Energy Laboratory (NREL).11   

The simplest device architecture for a QD solar cell is the Schottky junction cell which uses 

band bending at ohmic contacts to extract carriers. The driving force to separate carriers is small 

resulting in low open circuit voltages. In addition, the short diffusion length limits the thickness 

causing absorption to be limited. A schematic of this is shown in Figure 7 (a). The depleted 

heterojunction solar cell, shown in Figure 7 (b), uses a wide band electron hole transport layer 

which creates a depletion region for efficient separation. This leads to larger open circuit voltages.  
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Figure 7 The schematics layers of the Schottky junction cell (a) and the depleted 

heterojunction cell (b) along with the energy diagram illustrating charge carrier movement 

and barriers.   

Shown in Figure 8 is the pathway towards realizing effective devices. Efforts must start with 

synthesis procedures that produce low defect density QDs with size uniformity.1 Innovative 

passivation strategies, such as inorganic and hybrid ligands,8 are required to mitigate surface trap 

states and boost carrier transport.  

 

Figure 8 (Colloidal Quantum Dot Solar Cells) Development pathway for QD research for 

solar cell devices.  

(a)                                       (b) 
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Well designed device architecture allows for efficient current extraction and control over open 

circuit voltages by facilitating carrier movement through the device while reducing recombination. 

This requires the ability to control QD band structure and careful selection of electrodes.  

Finally, multijunction integration will further improve efficeincies. Incorporating colloidal QDs 

into a matrix of high-transport materials such as perovskite offer promise towards performance 

improvements and extending the spectrum of light converted.47,52  

Research in these areas has made signifigant gains and is a progressing field. To achieve similar 

ends with Ge QD materials, synthesis procedures will need to produce high quality samples (size,27 

crystallinity, disorder1 and shape). Ligand chemistries will need to be improved for more complete 

passivation.48,53 Inorganic ligands including halide ions could offer a pathway to compact QD films 

or integration with perovskite. N-type doping of Ge QDs has been explored as a way to control 

electronic levels, but measurements are challenged by size polydispersity and the multi-crystalline 

nature of the samples. With high quality QDs and a mechanism to manipulate electronic states, 

device architecture can be designed for optimizing performance. This pathway illustrated the steps 

required for Ge QDs to compete with the current record holding colloidal QD cell technologies.47  
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5 Extended X-Ray Diffraction Fine Structure Background 

5.1 The EXAFS Experiment 

During the EXAFS experiment at a high energy beam line, the sample is bombarded with x-rays. 

When a given atom in the sample absorbs an incoming x-ray, an electron is ejected as a wave, 

shown schematically in Figure 1 (b). Part of the outgoing wave backscatters of neighboring atoms 

and interferes constructively and destructively as it returns. The resulting oscillations in 

absorbance in energies above the absorption edge contains structural information, neighbor 

distance and the number of neighbors. EXAFS generates species specific spectra allowing the 

signal of each atom type to be analyzed separately as shown in Figure 1. 

  

Figure 1. (a) The absorption cross-section of lead, cadmium and iron showing the energy 

dependence and absorption edge rise corresponding to binding energies of core electrons. (b) 

The photo-electron effect in which an x-ray is absorbed which energizes a core electron into 

the continuum to interact with neighbors.  

X-rays energies between ~500 eV to 500 keV (wavelength from ~45 to 0.25 Å) are used for 

EXAFS analysis. Atoms absorb x-rays that match the energy needed to excite or eject a 

photoelectron from the tightly bound quantum core levels (1s or 2p) which correspond to inner 

shells K, L1 and L2. Since the binding energy is well-defined for the selected atom species the 

appropriate x-ray energy is selected to scan over for a specific atom.  
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Figure 1 (a) shows the sharp rise in absorption, called the absorption edge, which occurs when 

the incident x-ray energy matches the binding energy of the core electron. Absorption destroys the 

x-ray and energy is transferred to the ejected photoelectron. Absorbance is measured by comparing 

the intensity of the x-rays before and after sample interaction (transmission mode) or by measuring 

the fluorescence emitted as the electrons as they fill vacant core holes. 1 

The x-ray energies are scanned over the range around the absorption edge of the atoms of interest 

and stepping through a range of energies to create spectrum. In the region just above the edge the 

absorption oscillates due to the photoelectron wave interference with its backscattered component 

which is removed during data reduction. The region after the edge is the EXAFS region that 

contains structural information as the frequencies are controlled by the various near-neighbor 

coordination shells.  

The wavelength and energy of the ejected photoelectron wave can be modeled with the de 

Broglie equation. 

 

𝐸 = 𝐸𝑜 + 
ℎ2𝑘2

2𝑚
 

 

Eq. 1 

 

For the photoelectron wave to constructively interfere with itself, the total path it travels must 

be the product of an integer value and its wavelength, 2D. 2D=nλ. The path length is 2D because 

the electron must travel the D, distance from absorbing atom to the scattering atom and back.  

The probability of absorption is highest for total constructive interference and is shown in 

equation 2. 
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χ ~ cos(2π
2𝐷

𝜆
) or cos (2πn) Eq. 2 

 

 The highest probability for constructive interference is when n is an integer. The signal depends 

on the neighbor distance (the bond length). This is the basic building block of the so-called EXAFS 

equation. The full expression is given in equation 3.  

Χ(k) = 𝑆𝑜
2𝛴𝑁𝑖

𝑓𝑖(𝑘)

𝑘𝐷𝑖
2 𝑒

2𝐷𝑖
𝜆(𝑘)𝑒−2𝑘2𝜎𝑖

2
sin (2𝑘𝐷𝑖 +  𝛿𝑖(𝑘)) 

 

Eq. 3 

The factor So
2 is the amplitude reduction factor and typically has a value between 0.7 and 1.0. 

This is an element dependent constant that can be found by using a standard. The EXAFS equation 

is a sum as the absorbing atom has multiple neighbors.  

The factors Ni and Di are due to multiple scattering events as the photoelectron scatters off more 

than one neighboring atom before it returns to the atom it came from. N is the path the 

photoelectron travels and D is the distance. The proportionality constant, f(k), is the probability of 

scattering elastically off of an atom. Since the photoelectron wave is a spherical wave (not a plane 

wave as approximated in equation 2), as it travels the scattering probability drops with the distance 

squared.  

There is a probability that the photoelectron will not scatter elastically off of the neighbor atoms, 

it could inelastically scatter by exciting a valence electron or cause lattice vibrations (phonon). The 

probability for this occurring goes up with the Distance it travels and will remove energy from the 

photoelectron. Inelastic scatter would change the photoelectron wavelength, changing in the 

interference pattern. Long paths also increase the likelihood of an electron from a higher level 

falling down in energy to fill the core hole which would change the atomic state of the host atom 

the photoelectron returns to. This term also keeps the EXAFS as a local measurement and keeps 
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scattering off distant atoms negligible. These possibilities are captured in the mean free path 

variable, λ(k), which is part of an exponential that includes the distance traveled, Di. 

The next exponential term has the mean square radial displacement term σ2. Which is used to 

quantify the disorder around neighbor distance. This is an important parameter that will be 

discussed more in the context of fitting.  

A phase shift occurs due to the potential valleys around atoms and potential plateaus in the space 

between atoms are a feature of crystals. As the photoelectron travels, it speeds up as it moves 

through the valleys and slows down as it moves through the plateaus. This causes a phase shift in 

the wave function. 2 

5.2 Sample-Beam Interactions 

Absorption coefficient is the probability of x-rays absorbed, described by Beer’s Law, shown in 

equation X. Io is incident x-ray intensity; t is thickness of the samples and I is transmitted.  

 

𝐼 = 𝐼𝑜𝑒−µ𝑡 

 

Eq. 4 

EXAFS signal is detected by transmission or fluorescence detectors. The absorption coefficient 

follows the relationship of µ (E)= log (Io/I) for transmission and µ(E)~If/Io for fluorescence where 

If is the fluorescence line intensity. During fluorescence, the decay of the excited atomic state 

produces x-ray fluorescence: an electron from higher energy shell drops down to fill the ejected 

electron. To accommodate this drop, the electron emits fluorescence energies. Fluorescence 

measurements are particularly useful for low concentration elements as the detector is very 

sensitive.  
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The absorption coefficient is a function of energy and is also dependent on the species of atom 

as expressed by the atomic number Z and atomic mass A. This dependency is what makes XAS 

element specific. It is lastly dependent on the sample density.  

 

µ =
𝜌𝑍4

𝐴𝐸3
 

 

Eq. 5 

   The absorption dependency on density and the signal dependency on thickness of the sample 

make sample preparation important. If the amount of material is too high, absorption will be high, 

and the resulting transmitted signal will be low. However, if there is not enough sample, the 

absorption edge will be small, and the overall signal will be noisy. Sample density of 1 to 2.5 

absorption lengths, species dependent value, yield good signal values. 3 

5.3 Modeling the Data 

Extracting information from EXAFS spectrum is done by manipulating the data into a 

standardized form, known as reducing the data, and then fitting the results to the EXAFS equation. 

Figure X (a) shows an example of raw data along with the pre-edge subtraction using a Victoreen-

style polynomial subtraction. During reduction, the number of splines for this polynomial is 

selected to best remove the background which will affect the amount of noise in the final signal.   
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Figure 2 showing energy-space spectrum with (a) pre-edge and (b) post-edge background 

function to be subtracted.  

Figure 2 (b) is the data with a smooth background function on the post-edge of the data. The 

EXAFS fine-structure function is shown in Equation X which removes background and yields 

χ(E), the EXAFS function shown in equation 6. 

 

𝜒(𝐸) =
µ(𝐸) − µ𝑜(𝐸)

𝛥µ𝑜(𝐸)
 

Eq. 6 

 

Where µ(E) is the measured absorption coefficient, µo(E) is the smooth background function and 

Δµo (E) is the measured jump in absorption at the threshold energy E0. In the procedure used for 

data reduction in this thesis, µo(E) is modeled by a set of spline functions (E-Eo)
n with n between 

0.5 to 1.0. The number of splines is typically between 7 and 9 so that background is removed but 

the signal amplitude is preserved. This process is iterated until the EXAFS function is extracted 

correctly.  

Since EXAFS is understood as electron wave interactions, the energy dependence of χ is 

converted to wave number dependence χ(k) so that the signal oscillations are a function of photo-

electron wave number. The equation below is just a rearrangement of the De Broglie description 

of the energy of the photoelectron.  

 

𝑘 = √
2𝑚(𝐸 − 𝐸𝑜)

ħ2
 

Eq. 7 

Eo is the absorption edge energy and m is the electron mass. The y-axis is χ(k)*k2 or k3 to weigh 

the EXAGFS oscillation signal as it decays quickly with higher wave numbers. Figure 3 (a) is an 

example k-space spectrum weighted by k2. 
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Figure 3. (a) K-space spectrum and (b) real space spectrum 

The k-space signal is composed of different frequencies originating from photoelectron 

interactions with neighbors. Fourier transform is used to decompose frequencies and conveniently 

turns the spectrum from momentum space to real space. Figure 3 (b) shows an example real space 

spectrum. 

Amplitude peaks relate to near neighbor shells with bond lengths in angstroms on the x-axis. 

The envelope function is the square-root of the real and imaginary part, ±√𝑅2 + 𝐼2 of the function. 

The fast oscillating function, inside the envelope, is the real part of the complex Fourier transform 

and is a measure of the phase.   

5.4 Fitting the Data 

To extract information about coordination, disorder, and bond length, the data is fit in r-space to 

a sum of theoretical EXAFS atom-pair standards, generated based on atomic positions using the 

EXAFS equation with FEFF4 code. To model a material with the EXAFS equation, it is required 

to know something about the sample. This is because different combinations of the variables would 

give the same spectrum. However, EXAFS can be used to calculate known structures accurately 

so that possible structure matches can be confirmed or eliminated. The samples analyzed in this 

thesis consisted of germanium lattice structures so crystal information files were used to generate 
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the atom-pair standards. These standards have three main parameters: the amplitude (N), the atom-

pair neighbor distance (R) and a peak-broadening parameter, sigma squared (σ2) while the 

amplitude reduction factor (So
2) is a known variable based on the atom species.  

5.5 EXAFS for Nanomaterials  

EXAFS is a critical tool for characterizing structure in semiconductor QDs particularly those 

that do not fluoresce as photoluminescence measurements are not possible.5 QD surfaces are 

inherently disordered and therefore measuring the degree of disorder is important for 

understanding the effects of ligand chemistries and synthesis conditions. Studies of  amorphous 

Ge and Ge/GeO2 nanoparticles have led to important insights into light emission and structure.6,7 

The ability to measure signal that is species specific distinguishes XAS from diffraction and is 

essential to analyzing small amounts of dopant atoms.8,9 As the structure around dopant atoms and 

their incorporation into the host lattice is critical for designing functional properties, EXAFS is a 

powerful technique for understanding doped nanoparticles.  
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Figure 1. Graphical abstract communicating that Bi dopants in Ge QDs resulted in increased 

current density. 

 

6.1 Introduction 

In this work, we investigate the structure and electronic enhancement of Bi n-type doping into 

Ge QDs synthesized using a low-temperature microwave-assisted solution route as reported in 

previous work by Tabatabaei et al.1 Bi is a large atom with no solubility in bulk Ge, yet it is 

detected in Ge QD samples even after ligand exchange.1 This is similar to Ge-Sn alloy 
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nanomaterials. Like Bi, Sn is a large atom with no solubility in Ge. Ge-Sn thin films been 

investigated for strain-induced transition of Ge from an indirect to direct band transition.2,3 By the 

same mechanism, a strain induced direct band transition has been theorized for Ge-Bi.4 To achieve 

this, Bi must be incorporated into the host material and not physisorbed on the surface or clustered, 

making dopant location of great importance.  

In this work, EXAFS was used to investigate dopant incorporation into the Ge crystal lattice and 

lattice disorder around Bi atoms in Ge QDs before and after ligand exchange. Although, the 

majority of our focus was on dopants, we also considered the effect of ligand molecules on 

disorder. Photothermal deflection spectroscopy (PDS) measured disorder and conductivity 

measurements provided further insight into dopant and ligand effects.  Lastly, photodiode devices 

were fabricated and current density-voltage measurements were taken under a calibrated one-sun 

solar simulation.  

Ge QDs were successfully doped with Bi up to 1.5 mol %, which is not achievable in the bulk 

Ge system. The structure of oleylamine (OAm) and dodecanethiol (DDT) capped Ge QDs were 

probed with EXAFS and the results are consistent with Bi dopants occupying surface lattice sites. 

Increasing the amount of Bi dopant from 0.50 to 1.5 mol % results in increasing disorder. In 

particular, the nearest neighbor Bi-Ge bond length is much longer than the Ge-Ge bond length in 

Ge QDs. OAm to DDT ligand exchange was shown to partially restore order in doped QDs. 

Transport measurements of the Bi-doped Ge QD thin films revealed that Bi doping leads to a 

significant increase in dark current and photocurrent. These results indicate that doping can 

provide a pathway for improving performance of Group IV quantum dots for energy conversion 

applications including photodiodes and photovoltaic cells. 
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6.2 Experimental Methods 

6.2.1 QD Synthesis and Ligand Exchange 

Pure and doped Ge QD were prepared according to a previously published method.1 Briefly, 

0.40 mmol GeI2 or GeI2/GeI4 with the total Ge content held at 0.40 mmol and BiI3 (0.5 - 1.5 mol%) 

were dissolved in either 8 mL OAm or a mixture of 7 mL OAm and 1 mL trioctylphosphine (TOP) 

and heated in a CEM Discover microwave reactor to 250°C for an hour. The resulting particles, 

which are passivated with OAm or OAm/TOP, were precipitated with toluene as nonpolar solvent 

and methanol as polar non-solvent and suspended in toluene. Large, pure QDs were prepared using 

0.1 mmol GeI4 and 4 mL OAm in a 35 mL microwave tube. The solution was heated at 250°C for 

an hour and 45 minutes, cooled to room temperature and then heated at 260°C for 15 minutes. 

Ligand exchange was performed by first removing surface ligands by adding 5 mL of 5 M 

hydrazine solution in acetonitrile to the QD toluene solution. The mixture was stirred at room 

temperature for an hour before being precipitated with toluene and methanol. Several washing and 

centrifugation (8500 rpm) cycles using toluene, hexane, acetonitrile and methanol were applied to 

ensure complete removal of OAm. The QDs were then added to 10 mL of dodecanethiol (DDT) 

and heated for 60 min at 150 °C in a CEM Discover microwave. The DDT-capped QDs were 

isolated and washed with toluene and methanol and re-dispersed in toluene. To prepare sulfide-

capped Ge QDs, 5 mL of 80 mM sodium sulfide solution in formamide was added to 5 mL toluene 

dispersion of QDs and the mixture was stirred at room temperature overnight. The phase transfer 

of QDs from the dark brown top toluene layer to the colorless formamide bottom layer qualitatively 

indicated a successful ligand exchange. The QDs were separated by discarding the colorless 

toluene layer, followed by washing the formamide layer multiple times with acetonitrile and 

hexane, and centrifuging at 8500 rpm for 20 min. The QD precipitate was suspended in formamide 

for further use. Successful ligand exchange was confirmed by FTIR analysis. 
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6.3 Materials Characterization 

6.3.1 Transmission Electron Microscopy  

Samples for both high resolution transmission electron microscopy (TEM) and scanning 

transmission electron microscopy (STEM) were prepared by drop casting dilute toluene 

dispersions of Ge QDs onto lacy carbon supported by a 400-mesh copper grid (Ted Pella). The 

grids were dried overnight at room temperature and then overnight at 80°C in an oven to minimize 

carbon contamination during electron beam irradiation. QDs were imaged at 200 keV in 

STEM/TEM mode with an aberration-corrected JEOL JEM-2100F/Cs equipped with a Gatan 

annular dark field (ADF) and bright field detectors. To determine the average particle size and 

respective standard deviation, 200-250 individual QDs were measured from different regions of 

each sample. Particle sizes were determined using the Image J software package.  

6.3.2 X-ray Absorption Spectroscopy  

QD’s were deposited onto a filter paper (3x12 mm) such that the step height at the Ge K edge 

was roughly 0.5 and were sealed with a thin layer of Scotch Magic tape. EXAFS data were 

collected at the Stanford Synchrotron Radiation Lightsource (SSRL) on beam line 4-1 for bulk Ge 

powder, pure Ge QD and Bi doped Ge QD samples, in fluorescence mode at the Bi L2 edge (the 

Bi L3 fluorescence overlaps the stronger Ge Kβ and can’t be used) and in transmission mode at the 

Ge K edge. 

Spectra were collected at a temperature below 10 K in an Oxford helium cryostat, using a 220 

monochromator; at the Bi L2 edge a vertical slit size of 0.3 mm provided an energy resolution of 

4.0 eV. The Bi L2 edge is at 15711 eV and the monochromator was detuned to 70% at 15900 eV. 

For Ge, the edge is at 11100 eV, and the monochromator was detuned at 11300 eV; with a vertical 

slit size of 0.4 mm, the energy resolution was 1.9 eV. 
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EXAFS oscillations were extracted from the absorption data and transformed using the RSXAP 

package,5 which includes pre- and post-edge background subtraction, step height normalization, 

and removal of glitches in the Bi L2 edge fluorescence. The Bi L2 edge was used because the 

intense Ge Kβ fluorescence overlaps the Bi L3 fluorescence.  The spectra were then transformed 

into k-space and fast Fourier transformed into real space. In r-space, the fast oscillating function 

is the real part R of the FFT and provides a measure of the phase, while the envelope functions are 

±√𝑅2 + 𝐼2, with I being the imaginary part of the FFT.  The FTT window was 4-10.5 Å-1 and 3.5-15 

Å-1 for the Bi and Ge edge respectively. The fit range was 1.9-4.5 Å for both edges and Gaussian rounded 

by 0.2 Å-1. 

Fits of the data were performed in r-space to a sum of theoretical functions calculated using the 

code FEFF7.6 For the Bi edge, our model initially substituted a Bi atom on an undistorted Ge lattice 

site. Large bond length expansions were allowed to account for the larger covalent radius of Bi 

relative to Ge. In general, the amplitude is given by NSo
2 where N is the number of neighbors and 

So
2 is an amplitude reduction factor. Using bulk Ge, it was determined that So

2 is very close to 1.0 

for Ge data; So
2 was also set to 1 for the Bi data. The amplitude is also correlated with the width 

of the pair distribution function, σ, and that leads to absolute uncertainties on the order of 10-20 

% for N and σ2. Fits included the first three Ge neighbors about Bi. In some cases, extra structure 

occurs near the first peak and additional Bi-Bi or Bi-O peaks were included. 

6.3.3 Photothermal Deflection Spectroscopy (PDS) 

Samples were prepared in a nitrogen glovebox by drop casting solutions of colloidal QDs onto 

glass slides. Samples were then immersed in Fluorinert FC-72 (perfluorohexane) inside a glass 

cuvette for data collection. Light from a tungsten halogen arc lamp was used to pump the sample. 

The light was chopped at 5 Hz and scanned from 450 to 2100 nm using a Princeton Instruments 
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Acton Monochromator. The light was focused on the sample using tabletop optics and with a full 

width half maximum of 15 nm. A JDSU helium-neon 633 nm laser was aligned parallel to the 

surface of the sample and used as a probe beam. As the modulated pump beam excited the sample, 

heat from non-radiative relaxation caused the probe beam to be deflected. The deflection was 

registered with a Thorlabs PDP90 position sensitive detector. Lock-in amplifiers allow for high-

sensitivity absorption measurements. The absorbance is given by the expression α = - 
1

𝑑
 ln(1- 

𝑉𝑠𝑖𝑔

𝑉𝑟𝑒𝑓
Cnorm), where d is the sample thickness, Vsig is the signal amplitude, Vref is the signal from the 

reference detector, and Cnorm is the normalization constant.  

6.3.4 Conductive Atomic Force Microscopy (C-AFM) 

Topography and current images were obtained with Bruker Dimension Icon system in tapping 

mode. A Bruker DDESP-V2 antimony doped silicon cantilever tip was used. The cantilever was 

made with reflective aluminum backside and conductive diamond front side was used and had a 

spring constant of 80 N/m.  QD films were fabricated by spin casting toluene dispersions on ITO-

coated glass substrates, and silver paste was used to make contact. Current measurements were 

taken under 100 mV in ambient conditions in tapping mode to prevent QD displacement on the 

substrate by the AFM tip. Gwyddion7 software was used for processing and image formatting. 

6.3.5 Device Fabrication 

Glass substrates patterned with ITO electrodes were spin cast with TiO2 sol-gel and TiO2 

nanoparticles to act as a charge separating layer and to prevent electrical shorts. TiO2 sol-gel was 

prepared by the standard procedure described previously.8 QDs capped with S2- were drop cast 

onto these devices in a nitrogen glovebox and heated on a hot plate at 300°C to evaporate the 

formamide solvent and form thin films. Silver films with a thickness of 90 nm were thermally 

evaporated under vacuum and served as the top electrode. Current density-voltage (J-V) curves 
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were performed in a nitrogen-filled glovebox. Measurements were taken in dark and under 

illumination calibrated to AM1.5G.  

 

6.4 Results and Discussion 

 

The synthesis procedure is illustrated in Figure 2 showing precursors, steps and a 

conceptualization of the product. 

 

Figure 2. The microwave-assisted QD synthesis (steps, precursors and product) used to 

fabricate the samples studied.  

6.4.1 X-ray Absorption Fine Structure (EXAFS) 

The r-space data and fits are shown in Figure 1 for 0.50, 1.0 and 1.5 mol% Bi doped, oleylamine-

trioctylphosphine (OAm/TOP)-capped QDs. The presence of second and third neighbor peaks 

indicate that Bi atoms have first, second, and third nearest neighbors and are part of an ordered 

GeI2/GeI4 +BiI3 in 
oleylamine/trioctylphosphine 

(OAm/TOP) 

Ge QDs in 
toluene  

Heated in 
microwave 
reactor to 

synthesize QDs  

Microwave-Assisted QD Synthesis 
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structure. Calculated distances for the Ge lattice were obtained from a crystallographic information  

file from the American Mineralogist Crystal Structure Database.9 Fits of the data were carried out 

in r-space to a sum of theoretical standards10 for the first three Bi-Ge pairs, and for some samples, 

a small Bi-Bi or Bi-O peak.  

Green (dashed) lines in Figure 3 (a) - (d) mark the calculated distances of the neighboring atoms 

on the undistorted Ge diamond structure, while the black (solid) lines correspond to the shifted 

position of the EXAFS peaks for such a Ge lattice. The well-known shifts of the peaks on an 

EXAFS plot are due to phase changes that the photoelectron undergoes when it is ejected from the 

excited atom and when it backscatters from neighboring atoms. The shift of the observed peak 

positions relative to the black lines indicates how much the pair distance differs from the ideal Ge 

structure. 
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Figure 3 EXAFS data in r-space (points) and fits (red line) for (a) 0.50, (b) 1.0 and (c) 1.5 

mol% Bi- doped Ge QDs (d) 1.5 mol% Bi Ge QD sample at the Bi L2 edge, recapped with 

DDT.  In r-space data, the fast oscillating function is the real part R of the FFT and provides 

a measure of the phase, while the envelope function is ±√𝑹𝟐 + 𝑰𝟐, with I being the imaginary 

part of FFT. Green (dashed) lines indicate the calculated distances from diffraction of first, 

second and third neighbors in bulk Ge. The black lines indicate the expected peak locations 

for these neighbors on an EXAFS spectrum for an undistorted lattice. 

Table 1 reports the peak shifts and positions from these fits.  Note the shift decreases with 

increasing pair-distance between the dopant and 2nd and 3rd neighbor. The first peak in r-space for 

the three doped samples has a very large r-shift of 0.28 to 0.29 Å. Bi has a larger covalent radius 

than Ge by 0.28 Å, which matches well with the observed r-shift for the first neighbor peak. The 

decreasing r-shift distortion for the second and third peaks shows that the distortion induced by 

the large Bi atoms relaxes as distance to the Ge neighbors increases. This fits the model that the 

Bi atoms sit on a Ge lattice site, likely at the surface since larger distortions are possible there.  

FF
T(

kΧ
(k

))
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Table 1. Fitting Results for Bi Dopant Atoms from the Fits to the Bi L2 Edge for Bi doped Ge 

QDs. Amplitude (number of neighbors) and the Debye-Waller factor (σ2, units Å2) for Three 

Bi-Ge paths and Bi-O and Bi-Bi metal where applicable. Fit Amplitudes for the Second and 

Third Peak were set Equal, the Third Peak has a larger Value for σ2.  Pair Distances (Bi-Ge, 

Bi-O or Bi-Bi) and r-shift Parameters, in Å for the First, Second and Third Neighbors are 

Included.  

    Path 

Sample parameter Bi-O 

(Bi2O3) 

Bi-Bi (metal) Bi-Ge Bi-Ge Bi-Ge 

Bulk  Amp 6 3 4 12 12 

 R (Å) 2.392 3.007 2.450 4.008 4.691 

0.50 mol% Amp - 2.0 1.7 2.1 2.1 

 σ2 - 0.009 0.0040 0.0030 0.013 

 R (Å) - 3.17 2.74 4.10 4.10 

 Shift (Å) - 0.16 0.29 0.09 0.03 

1.0 mol% Amp - - 1.7 1.7 1.7 

 σ2 - - 0.0040 0.0040 0.0080 

 R (Å) - - 2.74 4.10 4.73 

 Shift (Å) - - 0.29 0.09 0.04 

1.5 mol% Amp - - 2.4 2.1 2.1 

 σ2 - - 0.0050 0.0040 0.0070 

 R (Å) - - 2.73 4.10 4.75 

 Shift (Å) - - 0.28 0.09 0.06 

1.5 mol% 

(DDT) 
Amp 1.3 - 3.0 4.1 4.1 

 σ2 0.002 - 0.0040 0.0040 0.0080 

 R (Å) 2.35 - 2.73 4.08 4.70 

 Shift (Å) -0.04 - 0.28 0.07 0.03 
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A small amount of Bi-Bi bonding was found only in the 0.50 mol% sample. The shape of the 

first peak is slightly different, particularly around 2.7 Å. A small Bi-Bi peak greatly improved the 

fit and yields the same bond length for the nearest neighbor Bi-Ge pair as for the other samples. 

Figure 4 (a) shows an overlay of the 0.50 and 1.0 mol% data. The 0.50 mol % sample has a peak 

that is shifted to higher r-values and reflects a change in shape. Figure 4 (b) shows calculated 

paths for Bi-Bi and Bi-Ge in black (dashed) and blue (dot-dashed), respectively, overlaid on the 

0.50 mol % sample fit. Note that when a Bi-Bi peak is included, the position of the first Bi-Ge 

peak agrees well with the other samples. The small peak for the Bi-Bi path shifts the first peak to 

slightly higher r-values; constructive and destructive interference between peaks for Bi-Bi and Bi-

Ge can enhance (at 2.5 Å) or suppress (at 3.3 Å) the amplitude. 
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Figure 4 (a) Overlay of the first peak in the r-space plots for 0.5 and 1.0 mol% Bi at the Bi 

L2 edge, showing a change in peak shape and a difference in phase. Adding the Bi-Bi path 

allowed the 0.5 mol% data to be fit. (b) Comparison of the Bi-Bi (dashed black), Bi-Ge 

(dashed blue) paths, and total fit (solid red). The small peak for the Bi-Bi path shifts the first 

peak to slightly higher r-values; constructive and destructive interference between peaks for 

Bi-Bi and Bi-Ge can enhance (at 2.5 Å) or suppress (at 3.3 Å) the amplitude. 

Amplitude values measured for the Bi L2 edge of the QD samples are shown in Table 1. Fit 

constraints included setting the 2nd and 3rd number of neighbors equal to replicate bulk structure.  

Amplitude values for the different doping concentrations are slightly different. However, due to 

the correlation between the amplitude and σ, the width of the pair distribution function, we cannot 

distinguish changes in amplitude values that are less than 0.5 neighbors. The amplitude values are 

significantly lower than that of bulk Ge, listed in row 1 of Table 1. Two major factors contribute 

to this: first, surface effects and second, disorder associated with dopant atoms. Surface atoms have 
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roughly half the number of neighbors as atoms on the interior. Atoms very close to the surface, 

one atomic level deep, have four first neighbors but only 6 second neighbors. In bulk materials the 

signal contributed from surface atoms are insignificant compared to that from interior atoms. Due 

to the large surface to volume ratio in nanocrystals, the effect of surface atoms becomes substantial, 

and the average number of neighbors decreases even for pure QDs. Because of the large size of 

the Bi atom, and the lack of Bi substitution in bulk Ge, Bi can only bond to the QDs at the surfaces 

or interfaces. Incorporation of a fraction of the Bi in an amorphous-like phase would give a small, 

broadened contribution to the first peak and essentially no contributions to further neighbor peaks; 

this would lead to a reduced amplitude of all peaks. 

For Bi atoms on the surface, the number of first neighbors should be 2 or 3 depending on which 

plane of atoms the Bi is attached to. The lower number of neighbors for x = 0.5 and 1.0 mol% 

could arise if a small fraction of Bi atoms is weakly chemisorbed at the QD surface in an 

amorphous-like phase, possibly within the OAm/TOP ligands which were part of the synthesis. 

This effect would cause a decrease in the average number of neighbors for Bi atoms. To probe 

this, the surface ligands were removed with hydrazine and followed by recapping with DDT 

ligands. The spectrum for the 1.5 mol% Bi recapped with DDT is shown in Figure 3d and the 

amplitude values are reported in Table 1. Note the larger amplitude for all peaks and particularly 

the second peak at 3.7 Å, compared to Figure 3a-c. The amplitudes in Table 1 for the 1.5% samples 

(with and without DDT capping) are consistent with all the Bi being incorporated into the QDs 

surface; the reduced amplitudes for the 0.5 and 1.0% samples, indicates a smaller fraction of Bi in 

the QDs, roughly 70%. 

Fits indicate that after ligand exchange Bi dopants remain incorporated into the Ge lattice, and 

pair distances match previous samples. The best fit included a small amount of Bi oxide. Oxygen 
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likely bonds to Bi atoms as the fourth neighbor. Despite the presence of Bi-O, the coordination on 

the peaks for DDT-capped sample are higher than that of the initial OAm/TOP-capped samples as 

reported in Table 1. The results are a better match to the simulated amplitudes of Bi atoms on the 

surface of Ge and it is likely that all the Bi is incorporated into the surface for this sample. This 

result is consistent with a fraction of Bi being in a disordered state outside of the Ge host lattice 

for the OAm/TOP-capped samples.  

Two models can account for the results for the DDT-capped sample. If the ligand exchange 

process removed loosely attached Bi atoms bonded to one or two Ge atoms, then the coordination 

of the first and second nearest neighbors would increase following ligand exchange. Alternatively, 

the ligand exchange process could cause rearrangement of the Bi atoms increasing their 

coordination. In either scenario, ligand exchange increases the local order around the Bi atoms.  

The Ge K edge EXAFS data and fits for pure and doped QDs are shown in Figure 5. Table 2 

shows Ge amplitudes and QD crystallite sizes as calculated by Scherrer analysis of XRD patterns 

(shown in Figure S6).  

The fits show expanded Ge-Ge distances compared to the bulk reference, but the effects are 

small. The first neighbor bond is expanded by roughly 0.007-0.009 Å, while the second neighbor 

distance is expanded by 0.01 to 0.016 Å. Fits for the bulk sample have amplitudes close to 4 and 

12 for the first and second neighbors, respectively, [i.e. So2 ~1] matching the expected values for 

the diamond cubic lattice. These results give us confidence in the fits presented here.  
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Figure 5. EXAFS data in r-space (points) and fits (red line) to the Ge K edge for the doped 

and pure QD samples. FT range was 3.5 to 11.5 Å-1, and the fit range was 1.9 to 4.6 Å. Doped 

sample spectra are shown in (a), (c) and (e), pure are shown in (b), (d) and (f). Crystallite size 

increases with doping and are reported in Table 2. 
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Table 2. Number of Neighbors Around Ge from Fits to the Ge K Edge for Bulk Ge, 

OAm/TOP-capped Pure and Doped QDs (italic columns).  

 

 

 a Crystallite size as calculated from XRD patterns. 

To understand if the decrease in the Ge amplitude with decreasing crystallite size is purely a 

surface effect, the number of first, and second nearest neighbors was simulated for QDs with 

diameters of 2-20 nm, as shown in Figure 6. Amplitudes from fits of the Ge-edge of pure (black 

diamonds) and doped (black circles) are overlaid. Ge edge experimental results follow the 

calculated trend and are within one standard deviation of the calculated values for the first shell. 

There may be an amorphous fraction in the samples; the relatively large amplitude observed for 

the first peak suggests that the maximum amorphous contribution is less than 20 %.   

Figure 7 shows representative high-resolution transmission electron microscopy (HRTEM) 

images of doped QDs, revealing faceted termination planes and grain boundaries. The equilibrium 

shape of inorganic nanocrystals contains facets as there is a minimization of exposed surface 

QD Samples by 

size (nm)a 

Doping (mol% Bi) Ge-Ge Ge-Ge 

Bulk  -- 4 12 

3.43 0 3.0 6.5 

3.51 0 3.3 6.8 

3.89 0 3.4 7.2 

9.7 0 3.6 8.4 

3.5 0.5 3.2 6.9 

5.0 1.0 3.5 8.2 

8.6 1.5 3.4 8.8 
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area.11 Both undoped and doped samples are found to be poly-crystalline. The presence of grain 

boundaries necessitates the distinction between particle size and crystallite size for synthesized 

QD. A particle may include multiple grains, while a crystallite is defined by a continuous grain 

orientation. The distinction is relevant because it is the size of the continuous grain, bordered by a 

grain boundary, which defines surface related disorder as quantified in EXAFS measurements. All 

sizes reported in Table 2 and shown in Figure 6 use crystallite sizes as calculated from XRD.  

The simulation assumes a perfectly spherical QD with an undistorted Ge lattice structure, faceted 

termination planes would lead to a reduction in the amplitudes from the simulated values. From 

this standpoint, the amplitude values are in agreement with the simulations. Second shell values 

for Ge edge data are lower than the calculations for a crystalline QD; however, if up to 20% of the 

Ge is in an amorphous state, the agreement is reasonable. In comparison, the smaller number of 

neighbors around the dopant atoms suggests that Bi atoms are more affected by surface effects and 

disorder than the Ge atoms are. Based on the data, it is likely that Bi primarily occupies lattice 

sites at the surface or on grain boundaries in the QDs.  
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Figure 6. Simulated (a) first shell and (b) second shell amplitudes for QDs of various sizes. 

The simulation constructs a perfectly spherical particle of an undistorted Ge lattice. 

Amplitudes from data fits are overlaid Ge edge of pure QDs (black circles), Ge edge of doped 

QDs (black diamonds), Bi edge of doped QDs (red circles) and Bi edge of DDT capped QDs 

(open red circle).  

(a) 

(b) 
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Figure 7. High resolution transmission electron microscopy (HRTEM) images (a and b) show 

twinning, surface edges, and grain boundaries in 0.50 mol% Bi QDs capped with DDT; these 

features also are present in pure Ge QDs. Grain boundaries act as surfaces and may also be 

the site of Bi atoms. 

To understand how surface site occupation would affect amplitude, the number of neighbors for 

a Bi atom sitting on three possible Ge surfaces was simulated using Python code. Figure 8 shows 

the calculated number of neighbors for the first, second and third nearest neighbors for the (100), 

(110) and (111) planes. Nearest neighbor Bi-Ge bonds at the surface were expanded due to the 

larger size of the Bi atoms; the amount of expansion was adjusted to be the same as observed in 

the EXAFS data.  
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Figure 8. Histogram results for the simulations of the distances and number of neighbors for 

Bi atoms sitting on surface sites of the (a) (100), (b) (111) and (c) (110) planes. Simulations 

show peak splitting. Designation of the second or third shell is determined by where that 

neighbor would be in an undistorted lattice.  

(a) 

(b) 

(c) 
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Simulation results show that the amplitude for surface Bi atoms would be between 2 and 3 on 

the first shell and 3 to 6 on the second shell for the three planes. The first shell simulations are in 

agreement with the low amplitudes found on the EXAFS data. Simulations also show splitting on 

the second and third shell neighbors due to bond expansion along different lattice directions.  

DFT simulations were run for Bi on the surface of the three planes; for each case, the surfaces 

were allowed to relax and the resulting distributions of first second and third neighbors 

extracted.  These pair distances and numbers of neighbors were used to fit the Bi-edge data. The 

amplitudes and pair distance shifts were fixed, and the peak widths were allowed to vary. However, 

the differences in the fits were not significant enough to differentiate between possible Bi sites. 

6.4.2 Photothermal Deflection Spectroscopy (PDS) 

Photothermal Deflection Spectroscopy (PDS) was used to take detailed measurements of the 

absorption spectra of the QDs. PDS measures the deflection of a laser beam parallel to the surface 

of the sample, which is immersed in Fluorinert (C6F14) from 3M, used for its non-reactivity and 

large change in refractive index with small changes in temperature. As the sample is optically 

excited by a modulated monochromatic pump beam, the sample releases heat from non-radiative 

relaxation into the Fluorinert creating a change in refractive index gradient. The mirage effect 

causes the tangential probe beam to be deflected in proportion to the sample absorption which is 

measured with a position-sensitive detector. The pump beam is scanned across wavelengths from 

above to below the bandgap. High sensitivity is achieved by locking-in the pump beam 

modulation. Because PDS measures the interaction of a tangential probe beam, the technique is 

insensitive to scattering or reflection artifacts.12–14 PDS measurements were taken for samples drop 

cast on glass slides, giving a varied thickness. This, combined with rough transmission 
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measurements for scaling, led to a normalization of data at 2.0 eV, allowing order/disorder in each 

system to be compared. Measurements were repeated 3-5 times for verification of results.  

PDS measures band-to-band absorption spectra, or in this case state-to-state as the sample 

behaves as a quantum material. Figure 6 shows the absorption spectra for pure and doped Ge QDs 

capped with OAm/TOP ligands. The shoulder, most easily recognizable in pure and 0.5 mol% Bi-

doped QDs, relates to a band gap of ~0.95 eV. No shifts in band gap were reported between 

samples although the shoulder is significantly rounded out with higher doping, obscuring changes 

in the band gap. Fitting the shoulder region of PDS spectra can reveal the direct or indirect nature 

of the bandgap. However, the indistinct band edge of doped samples made it impossible to 

distinguish if Bi doping caused a strain-induced conversion to a direct bandgap material.  

Absorption decreases with lower photon energies following a linear exponential slope known as 

Urbach energy, Eu, which is an indicator of disorder. Urbach energies were extracted from PDS 

spectra by fitting the linear exponential tail of the absorption spectra to the following equation for 

absorbance:  α ~ exp (
𝐸

𝐸𝑢
) where the slope is described by Urbach energy, Eu. The Urbach Energy 

quantifies optical disorder which has important consequences on the optoelectronic performance 

of photo-active layer materials. Disorder-induced below-gap absorption increases the thermal 

generation rate and recombination centers. Thermal generation, recombination, and radiative 

emission compete with the ability of a material to convert photon energy to electrical energy. Open 

circuit voltage, the driving force to separate charge carriers, is proportional to the ratio of the 

optical to thermal generation rate. Below-gap absorbance increases the thermal generation rate, 

therefore, decreasing the open circuit voltage. Recombination centers also have detrimental 

consequences to energy conversion by creating mid-gap trap states which act as recombination 

centers, preventing charge carrier separation and reducing current .12,13,15 
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Perfect semiconductors have a discrete transition between absorption bands; however, 

conventional crystalline semiconductors have small amounts of band tailing (~10 meV for 

crystalline Si) due to temperature-induced disorder. The structural disorder in amorphous 

semiconductors causes band tailing in the density of states for electrons caught in static random 

potentials. Urbach energies of  >60 meV were measured for amorphous Si by Cody et al.15 

QDs have additional sources of disorder attributed to high numbers of trap states, surface area, 

and size polydispersity. Capping ligands have been shown to cause deviations from periodic lattice 

arrangements by altering the bond lengths on the nanocrystal surface. Consequently, Urbach 

energies for some nanomaterials have been reported in the hundreds of meV.13,14 Through 

improvements in processing conditions and capping ligands, much lower Urbach energies have 

been achieved for QD systems such as PbS.14,16 

The PDS measurements of OAm/TOP-capped Ge QDs show increasing Urbach energy with 

increasing Bi doping, 243 meV (no Bi doping), 365 meV (0.50 mol% Bi), 439 meV (1.0 mol% 

Bi) and 518 meV (1.5 mol% Bi). Bi incorporation introduces lattice distortions which is reflected 

in the higher values of Urbach energy and is consistent with the EXAFS results reported above.  A 

comparison of Urbach Energy for 1.5 mol% Bi-doped Ge QDs before and after ligand exchange 

can be seen in Figure 9(b). Here, we again see results consistent with EXAFS; the original ligand, 

OAm/TOP, shows extreme disorder and a high Urbach Energy. After exchange with either DDT 

or S2-, we see a restoration of order possibly due to the removal of loosely bonded, amorphous Bi 

at the surface of the QD while the majority of Bi dopant atoms remain incorporated into the surface 

of the host crystal lattice. As high levels of disorder are indicative of a lower Voc, we see an 

implication that the surface chemistry of these materials is critical to optimizing their application 

toward optoelectronic devices.14 
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Figure 9. (a) PDS spectra for pure and doped QDs capped with OAm/TOP. Increasing Bi 

concentration results in higher Urbach energy, indicating greater disorder in the system. (b) 

1.5 % Bi doped QDs capped with OAm/TOP, DDT and Sulfide ligands.  After ligand 

exchange with DDT and S2-, a significant amount of order is restored. EXAFS spectra of 

DDT-capped doped QDs showed an increase in structural order which is verified by the 

increase in optical order measured by PDS. The implication is that ligand exchange 

treatment and surface chemistry of these materials is critical to optimizing their application 

toward optoelectronic devices.  

6.4.3 Transmission Electron Microscopy (TEM) 

Particle size distributions were measured with STEM and are shown in Figure S7 of the 

Supporting Information. Particle sizes were found to be larger than crystallite sizes due to the 

presence of grain boundaries as seen in the HRTEM images, Figure 4. Crystallite sizes, reported 

in Table 2, were derived from XRD peak widths using Scherrer analysis which does not reveal the 

size distribution. Particle sizes from TEM/STEM give a better indication of the polydispersity 

within a sample but are not a direct measurement of crystallite size distribution. TEM/STEM 

micrographs show that doped samples have an increase in size polydispersity with higher doping. 

Size polydispersity is an important source of Urbach energy at higher doping levels. As bandgap 

is controlled by size in the quantum regime, size polydispersity causes bandgap polydispersity and 

results in the rounding of the band edge (the shoulder) of the PDS spectra. This effect is observed 

in the disappearance of the spectrum shoulder at ~1.4 eV.   
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6.4.4 Conductive AFM 

Conductive AFM (C-AFM) was taken of drop cast films of QDs on ITO-coated glass and current 

through individual QDs was measured under applied voltage. Topography and current maps of 

pure and doped, DDT capped QDs are shown in Figure 10. DDT-capped QDs have greater 

stability in air making them more appropriate for this technique. Current measurements were taken 

under 100 mV in ambient conditions in tapping mode to prevent QD displacement on the substrate 

by the AFM tip. Due to the relatively large size of conductive probes, topography measurements 

are skewed large. The maps show topography consistent with current measurements, 1.5 mol% Bi 

doped Ge QDs have higher maximum current of 5.1 nA when compared with pure Ge QDs, with 

maximum current of 3.4 nA.  

  

Figure 10. Conductive AFM (a) topography and (b) current maps for DDT-capped undoped 

and 1.5 mol % doped Ge QDs. Scale bars are equal to 20 nm.  

6.4.5 Device Results 

Film conductivity of pure Ge, 1 mol% Bi and 1.5 mol% Bi doped Ge QDs was measured by 

fabricating heterojunction devices and extracting J-V curves as shown in Figure 11. Transport 

20 nm 
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occurs in QD thin films via a hopping mechanism due to tunneling barriers caused by organic 

ligands on the QD surface. The S2- capped QD were chosen for two reasons. Firstly, PDS spectra 

showed restoration of order after ligand exchange, this indicated a reduction in trap states which 

would increase charge carrier extraction. Secondly, short, inorganic ligands decrease interdot 

spacing, which allows greater electronic wavefunction overlap and reduces barrier height.17  

 

Figure 11. Dark and light J-V curves for devices as a function of Bi mol%. Dark currents 

and photocurrents increase with higher doping concentration. 

Despite the high disorder found in the PDS measurements, devices behave as diodes and show 

increased dark and photocurrent with doping, extracted conductivity values shown in Table 3. As 

Urbach energy has several sources, structural disorder induced trap states and crystallite size 

polydispersity being primary contributors, the increase in current density with doping indicates 

that trap states are not dominant at higher doping levels. The increase in dark current indicate 

higher levels of film conductivity which is known to increase carrier lifetime and extraction.18 

Higher photocurrents measured are due to the increase in the number of electrons promoted to the 
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conduction state under light. The absence of an open-circuit voltage is likely the result of a poor 

device architecture and an energy mismatch between the two electrodes with the Bi-doped Ge QD 

conduction and valance bands. The increase in photocurrents reported here provide positive 

implications for Bi doped Ge QDs photovoltaic devices once a proper device architecture is found. 

Table 3. Conductivity Values for Pure and Bi-doped QD extracted from J-V Curves shown 

in Figure 8. 

mol% Bi Dark current  

(Ω-1) 

Photocurrent  

(Ω-1) 

0  11.4 36.1 

1.0  31.0 62.5 

1.5  56.9 94.3 

 

6.5 CONCLUSION 

Bi dopants were shown to be incorporated into Ge QD structure, primarily by occupying surface 

substitutional sites, as shown by fits to the Bi L2 edge EXAFS data using FEFF7 calculated paths. 

In particular, there are well defined second and third neighbor peaks indicating an ordered 

structure, which would not occur for Bi randomly attached to the QD. The nearest neighbor Bi-Ge 

bond is long, as expected from the larger covalent radii of Bi, and too long to fit inside the Ge 

lattice. The Bi edge EXAFS amplitudes were significantly lower than those of the Ge edge, 

suggesting that Bi atoms primarily occupy lattice sites on the surface of the QD or in grain 

boundaries. Bi has no solubility in bulk Ge and the results reported here indicate that nanocrystal 

surfaces offer a platform for formation of doped structures unachievable in bulk materials. While 

it was found that disorder increased with dopant concentration, ligand exchange partially restored 
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order. This indicates the possibility of using chemical surface treatments to reduce surface trap 

states and should be explored further. Despite a rise in size polydispersity, Bi-doping also increases 

both the dark current and photocurrent as measured by conductive-AFM and J-V curves on 

heterojunction devices.  These results show promise in using doping as a method to improve the 

performance of group IV QDs for use in optoelectronic devices such as photovoltaics, 

photodetectors and diodes. Further studies will explore transport mechanisms such as mobility and 

carrier enhancement in electronic devices.  
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7.1 Introduction  

In the previous chapter, Bi dopants were shown to be successfully incorporated into the lattice 

structure of the surface of Ge QDs. To further explore composition manipulation of Ge QDs, 

antimony (Sb) is investigated. Both Sb and Bi are Group V elements, Sb dopants have the potential 

to act as n-type dopants that would contribute electrons as charge carriers. Both elements also are 

insoluble in bulk Ge. Since the size difference between Sb and Ge atoms is lower than between Bi 

and Ge (~16% larger compared to ~23% larger respectively), it is expected that Sb dopants would 

be more likely to be incorporated into the QD structure beyond the surface. Both OAm- and TOP-

capped Sb-doped Ge QDs have been synthesized by the reaction of GeI2 and SbI3 in a microwave-

assisted solution reaction. XPS was used to confirm the presents of Sb in samples before and after 

ligand exchange with DDT indicating stable bonding between Sb and Ge atoms.   

The lattice parameter of Ge QDs increases with increasing Sb concentration (0.00-2.0 mol %) 

suggesting lattice incorporation. In contrast to the Bi EXAFS data, the number of second and third 

Ge neighbors is surprisingly low, even for a surface substitution site. To investigate and understand 

the low second and third neighbor coordination on Sb atoms, the EXAFS data were fit with a 

model that places Sb atoms on two distinct lattice sites. A small percent of Sb atoms occupy sites 

on the QD surface while the majority (78-96 %) reside within the core of the QD adjacent to a 
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vacancy. The presence of the vacancy allows a large off-center displacement of the Sb atoms 

towards the vacancy, which in turn causes the 2nd and 3rd neighbor path lengths to split, reducing 

the EXAFS signal from the further neighbors. Since vacancies in semiconductors are defects which 

contribute to trap states,1,2 the results are relevant to the functionality of these materials as an 

electronically active layer for solar cell devices.  

 

7.2 Experimental Procedures 

7.2.1 Synthetic Procedure 

Syntheses of pristine and doped Ge QDs were performed using a CEM microwave reactor. In a 

typical synthesis to prepare Ge QDs capped with either OAm or OAm/TOP on the surface, a 35 

mL borosilicate microwave tube (from CEM) was loaded with 0.40 mmol of GeI2 and 24.3 mmol 

degassed OAm or OAm/TOP (OAm/TOP ratio of 7:1 v/v) was added using a calibrated pipet in 

an argon-filled glovebox. The tube was sonicated in a water bath at room temperature for 10 min 

until complete dissolution of GeI2 to form a pale-yellow solution. The contents of the microwave 

tube were heated to 250 ºC for 60 min in the microwave reactor. To isolate the Ge NCs, the 

microwave tube containing the final product was transferred to an argon-filled glovebox and 

washed three times with toluene or hexane using ethanol as the anti-solvent. This was performed 

by centrifuging the solution at 8500 rpm at room temperature for 15 minuets. Then the centrifuge 

tube was transferred to the glovebox and the pale yellow to colorless supernatant was discarded 

and the dark-brown precipitate collected at the bottom of centrifuge tube was redispersed in 3-4 

mL of toluene. The final toluene solution was kept in the argon-filled glovebox for further use and 

characterizations. 

The surfaces of the as-synthesized Ge and Sb-doped Ge QDs are passivated with OAm or 

OAm/TOP ligands. To remove the ligands from the surface of Ge NCs, 5.0 mL of 5 M hydrazine 
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solution, freshly made by mixing 0.80 mL of anhydrous hydrazine in 4.2 mL dry acetonitrile, was 

added to a 5.0 mL toluene dispersion of OAm or OAm/TOP-capped Ge or Sb-doped Ge NCs. The 

suspension was stirred at room temperature overnight under an inert atmosphere. The ligand-free 

Ge QDs were precipitated by centrifugation at 8500 rpm for 30 min at room temperature using 6.0 

mL toluene. In addition, the precipitate was washed multiple times with 8.0 mL of acetonitrile to 

remove residual hydrazine, followed by multiple cycles of washing with hexane prior to final 

centrifugation. The ligand-free Ge QDs were subsequently capped with DDT by the following 

procedure. A solution composed of 10.0 mL of the thiol was added to the dark-brown precipitate 

and heated for 60 min at 150 ºC in the microwave reactor. The complete dispersion of Ge QDs in 

DDT was a qualitative indication of coordination of thiol ligands to the Ge QD surface. Toluene 

and methanol were used to isolate the DDT-capped QDs and a hexane wash removed any DDT 

that remained in solution. 

 

7.2.2 Powder X-ray Diffraction (PXRD) 

PXRD patterns were obtained drop-cast toluene dispersions onto quartz substrates or silicon 

(Si510) single-crystal zero-background holder. A Bruker D8 Advance diffractometer (Cu-Kα, 40 

kV, 40 mA, λ=1.5418 Å) scanned the sample in a 2θ range of 20°-80° with a 0.02º/step size and a 

4 second exposure or on a Rigaku Miniflex 600 diffractometer dTex. Scans for Rietveld refinement 

were collected from 20°-80° with a 0.02º/step size and a 4 second exposure. The obtained patterns 

were compared to diamond cubic Ge (04-0545) powder diffraction file from the International 

Center of Diffraction Data (ICDD) database. To estimate the crystallite size of the NCs, the 

Scherrer equation has been utilized by fitting the 220 reflection (Pseudo-Voigt) using Jade 6.0 

software.3,4 Rietveld refinement was performed using JANA 2006 package.5 ~ 10 wt. % Si was 

added as a lattice parameter standard. The standard deviations of the corresponding lattice 
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parameters were determined considering the Berar’s correction factor.6 The trend in lattice 

parameter shift was confirmed by fitting the 004 reflection with a sixth order polynomial after 

calibrating the curves with the Si standard. 

7.2.3 Transmission, Scanning Transmission, Scanning Electron Microscopy and Energy 

Dispersive X-ray Spectroscopy (TEM/STEM/SEM and EDS) 

Electron-transparent specimens for both TEM and STEM were prepared by drop-casting dilute 

dispersions of Ge QDs in toluene onto either a holey carbon film supported by a 300 mesh copper 

specimen grid (SPI), or lacy carbon coated 400 mesh copper grid (Ted Pella). The grids were oven 

dried overnight at 80 °C to minimize any contamination during electron beam irradiation. The 

transmission electron microscopy imaging of the samples was performed using a JEOL-JEM 

2500SE transmission electron microscope (JEOL Ltd. Tokyo, Japan) operated at 200 keV 

equipped with a Schottky field – emission electron gun (FEG) and a retractable 1k   1k Gatan 

Multiscan CCD camera (model 794). Digital Micrograph software provided by Gatan Inc. was 

used to capture images. To determine the average particle size and respective standard deviation, 

100-250 individual QDs were imaged from different areas on the grids. Particle sizes were 

determined using the ImageJ software package.7  Some QDs were also imaged at 200 keV in 

STEM mode with an aberration-corrected JEOL JEM-2100F/Cs STEM equipped with a Gatan 

annular dark field (ADF) detector. For STEM imaging, the electron probe convergence semi-angle 

was approximately 23 mrad and the ADF inner detector semi-angle was 33 mrad, resulting in 

medium angle annular dark field contrast for which some diffraction contrast cannot be neglected. 

SEM imaging and EDS were carried out on a FEI Scios Dual Beam scanning electron microscopy 

(SEM) at an acceleration voltage of 20 kV. The samples were prepared by drop-casting 

concentrated Sb-doped Ge QDs solution in toluene onto a 1 × 1 cm2 silicon substrate, followed by 
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drying at room temperature under vacuum overnight. EDS mapping of the samples was conducted 

using Oxford Aztec EDS software. 

 

7.2.4 Extended X-ray Absorption Fine Structure (EXAFS) 

Extended X-ray absorption fine structure (EXAFS) measurements were conducted on pristine 

and Sb-doped Ge QDs that were synthesized at 250 °C. The samples for the EXAFS measurements 

were prepared in a nitrogen-filled glove box by drop casting the toluene dispersion of Sb-doped 

Ge NCs, onto a 3   12 mm2 piece of filter paper, followed by solvent evaporation at room 

temperature. In order to achieve the desirable step height at the Ge K edge (0.5) and the even 

coverage of the filter paper, the deposition and solvent evaporation process was performed 

multiple times. To prevent oxidation during sample transport and data collection, each specimen 

was sealed between pieces of 3M Scotch® Transparent Tape 600 after drying (this tape is 

transparent to X-rays).  

EXAFS measurements were conducted at the Stanford Synchrotron Radiation Lightsource 

(SSRL) on beam line 4-1 for the bulk Ge powder, pristine Ge NCs, Sb reference and Sb-doped Ge 

QDs samples. Sb K edge spectra were collected in fluorescence mode using a thirty-channel Ge 

detector, with the specimen placed at a 45° angle to the X-ray beam. Ge K-edge data were collected 

in transmission mode. Spectra were collected at a temperature below 10 K in an Oxford helium 

cryostat, using a (Si 220) double crystal monochromator (phi = 0); at the Sb K edge a vertical slit 

size of 0.2 mm provided an energy resolution of 6.3 eV. The Sb K edge is at 30.491 keV and the 

silicon monochromator was detuned to 70% at 30.600 keV. Argon gas was used in the Io, It. and 

reference detectors. For Ge, the edge is at 11.100 keV and N2 gas was used in the detectors. The 

monochromator was detuned to 70% at 11.250 keV, and with a vertical slit size of 0.4 mm, the 
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energy resolution was 1.9 eV. A minimum of 3-4 scans were obtained and averaged for each 

specimen.  

EXAFS data were reduced using standard procedures in the R-space X-ray Absorption Package 

(RSXAP).8 The pre- and post-edge backgrounds were subtracted, and the step-height was 

normalized to 1.0; for the  Sb K edge glitches were first removed before subtracting the pre-edge 

background.. EXAFS k-space  oscillations were extracted and then transformed into real space (r-

space) by a fast Fourier transform (FFT) using a Fourier transform (FT) range of 3.5-14.5 Å-1 for 

Ge K edge and 4.0 to 12 Å-1 for Sb K edge. Both FT windows were Gaussian rounded by 0.2 Å-1.  

In r-space, the spectra were fit to a sum of theoretical functions calculated using the code 

FEFF7.9  

 

Neighbor distance was allowed to vary. In general, the amplitude for a given pair is provided by 

N*So
2 where N is the number of neighbors and So

2 is an amplitude reduction factor. Using bulk 

Ge, it was determined that So
2 is very close to 1.0 for Ge data; So

2 was also set to 1.0 for the Sb 

data. The amplitude is also correlated with the width of the pair distribution function, σ, and that 

leads to absolute uncertainties on the order of 10-20 % for N and σ2. Fits included the first three 

Ge neighbors around Sb atoms.  

 

7.3 Results and Discussion 

 

Transmission electron microscopy (TEM) confirmed an increase in average diameter with Sb 

doping, from 5.3± 0.60 nm for pure QDs to 9.1 ± 1.4 nm for 1.5 mol% doped. Figure 1 shows 

representative images for OAm/TOP capped pure and doped Ge QDs. Particle sizes measured from 

TEM images are larger than the crystallite sizes calculated from PXRD. This is due to the samples 
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being a mix of single and multi-grain QDs. Figure 1d inset shows a single crystal 1.5mol% doped 

QD with characteristic diamond cubic Ge host lattice.  

 

Figure 1. Representative TEM images of (a) pure and (b-d) doped Ge QDs capped with 

OAm/TOP. Doping increases particle size and size polydispersion which is consistent with Bi 

doping.  

Particles are quasi-spherical with multiple surface planes and show no agglomeration. All 

samples show faceted surface planes. Higher doping levels increase size distribution due to 

disruption of growth kinetics of host seeds by dopant atom. These relationships make 

distinguishing between size and doping effects convoluted.   

 

High-resolution X-ray photoelectron spectroscopy (XPS) provides sensitive elemental 

composition down to parts per thousand. Figure 2 (a) shows the survey spectrum, (b), (c) and (d) 
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are the high-resolution scans over peaks for Ge, Sb and S for DDT-capped sample with 1.0 mol% 

Sb doping. Characteristic Ge signals at 1248 and 1217 eV match the Ge 2p1/2 and Ge 2p3/2 

photoelectrons, respectively. The peak at 163 eV is due to S 2p and suggests successful DDT ligand 

exchange. The O peak sits between the Sb signals at 528 and 537 eV and is due to atmospheric 

exposure during sample loading.  

 

 

Figure 2. Survey (a) and high-resolution (Ge 2p, Sb 3d, and S 2p) XPS spectra (b, c and d) 

for DDT-capped Sb-doped Ge QDs prepared using 1.0 mol % SbI3. The presence of O 1s 

peak with binding energy of 532 eV is attributed to the XPS sample preparation under 

ambient condition. 
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Sb signal in the XPS spectra provides an indication that Sb atoms are bonded to Ge host atoms 

strongly enough to withstand the chemical processing of ligand exchange with hydrazine 

treatment. However, Sb bonding to Ge does not cause substantial shifts in signal due to the low 

doping concentrations and the similarity in valance structure of Sb and Ge.  

 

If Sb atoms incorporate into the host lattice structure, the lattice parameter should expand as Sb 

is a larger atom than Ge. PXRD provides a method to measure this and patterns of OAm- and 

DDT-capped pure and Sb-doped Ge QDs are shown in Figure 3(a-c). All patterns confirm the 

phase pure diamond cubic Ge QDs and no Sb phase segregation are detected. As the doping percent 

increases, the diffraction peaks narrow which is due to the increased crystallite size. Figure 1 (d) 

is the change in lattice parameter for OAm-capped QDs determined with Rietveld refinement. 

Table 2 provides the crystallite size based on the Scherer method using the (220) reflection. The 

increases in crystallite size with doping is consistent with Bi doped Ge QDs as shown in the 

previous chapter.  
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Figure 3. (a and b) PXRD patterns of OAm-capped Ge QDs (c) patterns of DDT-capped Sb-

doped Ge QDs. The reference pattern of bulk Ge (PDF#04-0545) is included for comparison. 

(d) The lattice parameter for 0–2.0 mol % Sb doping in OAm-capped Ge QDs.  

Table 1. Crystallite Sizes for OAm and DDT-capped Ge QDs based on PXRD peak widths.  

SbI3 mol %   Crystallite Size (nm)  

OAm OAm/TOP DDT 

0.00  3.0 ± 0.1  3.5 ± 0.1  3.2 ± 0.1 

0.5  3.1 ± 0.1 4.2 ± 0.1 3.1 ± 0.1 

1.0  3.5 ± 0.1 5.0 ± 0.1 3.6 ± 0.1 

1.5  4.4 ± 0.1 7.1 ± 0.1 4.2 ± 0.1 

2.0  4.8 ± 0.1 N.D. N.D. 

2.5  5.7 ± 0.1 N.D. N.D. 

3.0  5.9 ± 0.1 N.D. N.D. 
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The lattice parameter of the samples increases from 5.655 to 5.663 Å with increase in doping 

from 0.0 to 1.0 mol % Sb. Above 1.0 mol % Sb doping, the lattice remains constant. The results 

suggest that Sb dopant atoms are incorporated into the host Ge lattice with maximum solubility of 

1.0 mol%. At higher dopant concentrations, excess Sb may be segregating to the particle surface 

or grain boundaries. To verify that Sb atoms were incorporated into the lattice and to understand 

how doping effects disorder, EXAFS characterization was performed to extract bonding 

information. EXAFS signal was collected for the Ge edge, which provides information about the 

host germanium atoms, and the Sb edge, which provides information about dopant atoms.  

 

Ge EXAFS data. The EXAFS spectra for the Ge edge are shown in Figure 4 for doped and 

pristine Ge NCs.  In r-space, the real part R of the FFT is the fast oscillating function and provides 

a measure of the phase, while ±√𝑅2 + 𝐼2  (I is the imaginary part of the FFT) are the envelope 

functions.  For the Ge K edge, the data were fit to a sum of three Ge-Ge FEFF7 functions for the 

first, second, and third neighbors in crystalline Ge. For small NCs, the number of neighbors are 

expected to be smaller than in bulk because of surface effects, and these values were allowed to 

vary, along with distances and σ. Table 3 reports the amplitudes for pristine and Sb-doped Ge QDs 

of various sizes, extracted from fits of the Ge K edge data, along with crystallite size calculated by 

Scherrer analysis of XRD patterns. Figure 7 includes plots for the number of neighbors for the Ge 

edge. The Ge QDs synthesized for this study are multigrain, as seen in the TEM images, meaning 

that the particle is made up of several crystallites. Consequently, surface induced disorder is 

dependent on crystallite size and surface doping includes dopants on or at the grain boundaries 

between crystallites, as well as the QD surface.  
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Figure 4. Ge K edge EXAFS data in r-space (points) and fits (red line) for the pristine (a-d) 

and doped(e-i) QD samples. FT range was 3.5 to 15.0 Å-1. Crystallite size was calculated from 

PXRD using Scherrer analysis. Fit results are reported in Table 3. Green (dashed) lines 

indicate the calculated distances from diffraction of first, second and third neighbors in bulk 

Ge. The black lines indicate the expected peak locations for these neighbors on an EXAFS 

spectrum for an undistorted lattice.  
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(i) 
 
 
 
 
 
(j) 
 
 

(e) 
 
 
 
 
 
(f) 
 
 
 
 
 
(h) 

 



87 

 

Table 2. Ge-Ge K Edge EXAFS Nearest Neighbors of Bulk Ge, Pristine and Sb-doped Ge 

QDs synthesized with OAm and OAm/TOP surface ligands.  

Crystallite Size 

(nm) 

SbI3 mol % Surface Ligand Ge-Ge  

(1st NN) 

Ge-Ge  

(2nd NN) 

Ratio of 1st 

to 2nd peak 

Bulk Ge - - 4.0 12 0.33 

3.4 0.00 OAm 3.0 6.5 0.46 

3.5 0.00 OAm 3.3 6.8 0.49 

3.9 0.00 OAm 3.4 7.2 0.47 

9.7 0.00 OAm 3.6 8.4 0.43 

3.1 0.50 OAm 2.6 4.8 0.60 

4.4 1.50 OAm 2.8 5.1 0.57 

4.2 0.50 OAm/TOP 2.7 4.5 0.55 

5.0 1.0 OAm/TOP 3.2 5.6 0.54 

7.1 1.5 OAm/TOP 3.0 5.5 0.54 

 

Peak amplitudes in the Ge edge EXAFS data are lower than for bulk Ge for all QDs. This is 

expected as the high surface area of QDs exposes surface atoms to fewer neighbors. The 

amplitudes (number of neighbors) of the nearest neighbor peaks for doped samples are also lower 

than for pristine QDs, but considering that the amplitude values have 15% error, the differences 

are not large except for the 1.5 mol % Sb sample. However, the amplitude are systematically lower 

for all Sb-doped samples, indicating increased disorder for the doped NCs, even though diffraction 

results indicate larger grain sizes for the doped samples. The second nearest neighbor values are 

significantly lower (~1) than pristine Ge QDs of comparable particle size, indicating increased 

disorder of the Ge lattice. For comparison, the ratio of 1st to 2nd nearest neighbor amplitudes is 

reported in column 6 of Table 3. Bulk Ge has a ratio of 0.33. Undoped Ge QDs have ratios from 

0.43 to 0.49, the largest QD sample having a ratio closest to bulk which is in agreement with a 

lower surface to volume ratio for larger crystals. Doped QDs have higher ratios, between 0.60 to 

0.54. Both the higher ratios of doped to pristine samples and the low number of second neighbors 

for Sb doped QDs indicate a higher amount of disorder associated with the Ge atoms for doped 
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samples. This suggests that doping with Sb significantly increases disorder throughout the Ge 

lattice. 

Sb EXAFS data. The Sb K edge r-space EXAFS data are shown in Figure 5 for OAm capped (a 

and b) and OAm/TOP capped (a, d and e) QDs with varying dopant concentration (0.50, 1.0, 1.5 

mol % Sb).  

Two models were created to fit the Sb K edge spectra. The first model substituted an Sb atom 

on an undistorted Ge surface site on the Ge diamond crystal lattice. For this model, we would 

expect roughly six second and third nearest neighbors. FEFF7 was used to generate theoretical 

EXAFS functions for Sb-Ge pairs of atoms (for first, second and third nearest neighbors). Bond 

length expansions were allowed for the nearest neighbor distances to account for the large covalent 

(atomic) radius of Sb relative to Ge; amplitudes for the 2nd and 3rd neighbor of the surface model 

were set equal. This model was a good fit for the first peak. Shifts for this peak were between 0.20 

and 0.22 Å; matching well with the difference in covalent radius (0.19 Å) between Ge and Sb 

(Ge=1.20 Å, Sb=1.39 Å). The number of neighbors were between 2.2 and 2.7 matching the 

expected 2 to 3 neighbors for Sb atoms residing on Ge lattice surface sites. Surface sites provide 

an environment for the expansions required for Sb substitution and some studies have found that 

small amounts of dopant atoms favor surface sites.10,11 
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Figure 5. Sb edge EXAFS data (open squares) collected for OAm/TOP-capped (a, b and c) 

and OAm-capped (c and d) Sb-doped Ge QDs synthesized at 250 °C and r-space fits (line). 

The SbI3 concentration used in each reaction is shown as the legend. FT ranges for Sb K 

edges are 4.5-12.0 Å-1. Green (dashed) lines indicate the calculated distances from diffraction 

of first, second and third neighbors in bulk Ge. The black lines indicate the expected peak 

locations for these neighbors on an EXAFS spectrum for an undistorted lattice.  

 

However, there were several inconsistencies with the first model that places Sb dopants only on 

the surface. First, the number of neighbors for the second and third peaks (Sb data) were much 

lower than expected. An Sb atom on a surface site would have roughly half the number of second 

and third nearest neighbors as a bulk site (6 neighbors instead of 12) or, as seen in the Bi doped 

samples, approximately 4 neighbors due to neighbor distance splitting. However, fits resulted in 

values below 2 neighbors and large values for σ2. Second, surface site occupation does not account 
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for the lattice expansion with doping concentration, found in the PXRD results. Third, for the Ge 

edge EXAFS results discussed above, the number of second neighbors was smaller for the Sb 

doped samples (Table 3), compared to undoped samples. The lower second neighbor amplitude is 

surprising since Scherrer analysis showed that the Sb-doped crystallites were larger, which should 

in turn, lead to larger second neighbor peak amplitudes. This indicates that there is a higher amount 

of local disorder inside the crystallite for higher Sb concentrations. 

For these reasons, a model that put some Sb atoms off-center within the crystallite of the QD 

was considered. This alternative model places Sb on a Ge site adjacent to a vacancy. Distortion 

was accommodated by displacing the Sb atom off-center towards the vacancy and away from the 

three remaining Ge nearest neighbors; this gives the Sb-Ge distance for closest Ge neighbors 

observed in our data. Theoretical EXAFS pair functions were generated for this model, Table 4 

shows the resulting numbers of neighbors and the distances. 

With the Sb atom displaced, the bond length increases by ~0.2 Å for the three first neighbors  

which matches the surface model. The second nearest and third nearest neighbor atom distances 

split into three: short, medium and long distances with the number of neighbors at the same 

distance in the ratios of 3:6:3 and 6:3:3 for the original 2nd and 3rd neighbors respectively. The 

illustration in Figure 7 (a) shows the splitting on 6 of the 2nd nearest neighbors. The red, green and 

orange dotted lines are the short, medium and elongated path between Sb atom and the second 

nearest neighbor. Although some splitting of 2nd nearest neighbor distances are expected for a 

surface Sb atom model, the distortion is more easily accommodated at a surface site and bond 

expansion at 2nd and 3rd neighbors are under 0.1 Å. Figure 7 (b) shows the plot of the change in 

neighbor distance, distances which are reported in Table 4, with increasing off-center shift of the 

Sb atom.  
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Table 3. Number of neighbors and distances for theoretical EXAFS pair functions for an Sb 

atom located 0.5 Å off-center from a Ge lattice site and next to a vacancy. The 2nd and 3rd 

neighbor signals are split into short, medium and long distances.  

 

Path Function (nbr) Expected Number 

of Neighbors 

Distance (Å) 

1st 3 2.66 

2nd  (short) 3 3.60 

2nd  (medium) 6 4.03 

2nd  (long) 3 4.42 

3rd (short) 6 4.45 

3rd (medium) 3 4.80 

3rd  (long) 3 5.13 

 

When the FEFF7 functions for peaks at different positions are summed, the real parts of these 

EXAFS functions interfere, causing the r-space EXAFS amplitude to be suppressed. This causes 

any nearest neighbor values from the fit to be very soft values. In addition, an off-center Sb atom 

and vacancy introduces disorder by causing surrounding Ge atoms to be displaced slightly off their 

lattice sites. These broadens the EXAFS peaks for these neighbors explain the lowered 

coordination on the Ge edge data for doped QDs. 

 

 
 

Figure 6. (a) Illustration showing the splitting of the EXAFS functions for an Sb atom located 

within the Ge lattice and adjacent to a vacancy. (b) Plot showing the change in the pair 

distances for split EXAFS functions with off-center displacement of the Sb atom.   

(a)                                                                                                        (b) 
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The best fit used path functions from both models so that a mixed percentage of Sb dopants were 

on surface sites and within the crystal. Results are presented in Table 5 and in the plots of Figure 

7. The fraction of Sb atoms on each type of site was allowed the vary along with the offset distance. 

The number of parameters varied is 16 and the degrees of freedom are 2.85. The amplitudes of the 

2nd and 3rd neighbor from the surface model were set equal. The 2nd and 3rd peaks for the 1.0 mol 

% OAm sample and the 3rd peak for the 1.5 mol % OAm/TOP sample were low amplitude and not 

well resolved making the fit results unreliable for these peaks. For this reason, no number of 

neighbors are reported for these peaks.  

 

Figure 7. Plots of the results for number of neighbors on the Ge edge for pure Ge QDs (blue), 

OAm capped doped QDs (dark green), OAm/TOP capped doped Ge QDs (green), Sb edge 

for OAm capped Sb doped (yellow) and OAm/TOP capped Sb doped QDs (red). The high 

degree of error on the Sb edge data for 2nd nearest neighbors made fits to these peaks 

unreliable and are therefore not reported.  
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Table 4. Number of neighbors from fit using a mixed model: Sb atoms on the surface and Sb 

atoms within the NC. For these fits, 4 EXAFS 2nd nbr paths were used: one surface site path 

and three off-center, split paths. The off-center amplitude values reported here are the sum 

of the three paths used in the fit. The off-center distance and the fraction of Sb inside the 

crystal were allowed to vary.  

 

path 0.50 mol % 

OAm/TOP 

1.0 mol % 

OAm/TOP 

1.5 mol % 

OAm/TOP 

0.50 mol % 

OAm 

1.0 mol % 

OAm 

1st nn 2.9 2.67 1.9 2.47 1.89 

Sb atom displacement  

(off-center site)  

0.5 0.47 0.48 0.51 0.48 

2nd nn (surface site) 1.33 1.07 0.63 1.12 0.26 

Fraction Inside 0.78 0.82 0.9 0.81 0.96 

 

7.4 Concluding Remarks 

Sb as an n-type dopant has been shown to be successfully incorporated into colloidal Ge QDs 

up to 2.0 mol % confirmed by the observed expansion of the Ge lattice parameter. OAm and 

OAm/TOP were used as passivating ligands with OAm/Top surface functionality resulting in 

consistently larger QDs. XPS analysis performed on DDT-capped Ge QDs using 1.0 and 2.0 mol % 

SbI3 excludes significant loss of Sb atoms from Ge surface after hydrazine treatment and OAm 

ligand removal suggesting a strong Sb interaction with Ge surface versus a labile physisorption of 

Sb atoms on Ge. EXAFS also confirms the incorporation of Sb into the particle at the surface and 

within the QD adjacent to a vacancy and showed no meaningful differences between QDs 

synthesized with OAm/TOP and OAm. The results offer insight into how atomic size difference 

impacts dopant location in Ge QDs: Bi is a large atom so is confined to the surface sites while Sb 

is incorporated into the interior of the QDs but sits adjacent to a vacancy so allow for bond 

expansion.  
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8.1 Introduction 

Novel nanoscale alloys formed through non-equilibrium synthesis offer a new functionality that 

expands the application of Group IV materials to photonics, tunnel FET and optoelectronics. This 

includes in IR photodetectors and diodes to support optoelectronic and telecommunication 

applications. Ge-Sn alloys, which do not exist in bulk, are of interest due to a theoretical strain-

induced transition from an indirect to a direct band gap.1–4 Studies have used molecular beam 

epitaxy or CVD to create Ge-Sn thin film alloys however phase segregation has posed a challenge 

to the formation of a true alloy.5 Homogeneous mixing requires non-equilibrium growth which 

makes kinetically-driven colloidal synthesis methods a promising method to achieve true Ge-Sn 

alloys. This study examines Microwave synthesized Gex-1Snx QDs at temperatures between 230-

250°C. EXAFS is used to understand bonding, disorder and Sn atom location within the QDs. Both 

Ge and Sn edge show an increase in bonding coordination with synthesis temperature, and the 

spectra for 250°C indicates that Sn is going into the Ge host lattice.   

Both Ge and Sn edge EXAFS results show an increase in second nearest neighbor peaks with 

synthesis temperature, and the spectra for 250°C indicates that Sn is going into the Ge host lattice.  

The difference in covalent and ionic radii between Sn and Ge are 0.19 and 0.14 Å, respectively. 

Thus, we would expect a bond length expansion between 0.14 and 0.19 Å on the Sn-Ge neighbor 

distance. The neighbor distance expansion on Sn-Sn pair is expected to be twice as large, between 
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0.38 to 0.28 Å.  However, the Sn-Ge and Ge-Sn bonds were expanded by a much smaller length, 

0.1 Å. This suggests unique bonding chemistry between the Ge and Sn atoms due to alloy 

formation.  

8.2 Experimental Procedures 

8.2.1 Synthesis  

Ge-Sn QDs were synthesized at 230°C, 240°C and 250°C using a CEM microwave reactor. 

GeI2/GeI4 were loaded into a microwave tube with degassed OAm in an argon-filled glovebox. 

The precursors were dissolved by sonicating at room temperature. Resulting QDs were isolated by 

toluene or hexane washing inside a glovebox using ethanol as the anti-solvent. Samples were 

centrifuged between washes and the final product was redispersed in toluene. A 5 M hydrazine in 

acetonitrile solution was used to strip OAm ligands from the surface. The solution was stirred 

overnight and precipitated by addition of toluene and centrifugation at 8500 rpm. The QDs were 

recapped by adding dodecanethiol (DDT) to the solution and heating at 150°C for 60 minutes in 

the microwave reactor. Toluene was added to isolate the DDT-capped QDs and washed with 

hexane to remove excess DDT.   

8.2.2 EXAFS Measurements 

Samples were prepared in a nitrogen-filled glove box by pipetting an equivalent of 5.92 mg of 

Ge-Sn in hexane solutions onto filter paper and evaporating the solvent. Samples were sealed with 

3M Scotch® Transparent Tape to prevent oxidation.  

EXAFS measurements were collected at the Stanford Synchrotron Radiation Lightsource 

(SSRL) on beam line 4-1 for the bulk Ge powder, pristine Ge NCs, Sn reference and Ge-Sn QD 

samples. QD samples were placed at a 45° angle to the X-ray beam. The Sn L-edge (3,927 eV) 

was collected in fluorescence mode using a thirty-channel Ge detector. The Ge K-edge (11,103 
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eV) was collected in transmission mode. All spectra were performed at 10 K to minimize thermal 

disorder and 3-4 scans collected per sample.  

EXAFS data were reduced using the R-Space X-ray Absorption Package (RSXAP) and with 

standard procedures as listed in previous chapters.  

The theoretical pair functions were calculated by substituting Sn atoms on Ge sites in an 

undistorted Ge lattice. Bond length expansions were allowed to account for the larger atomic radius 

of Sn relative to Ge. FEFF7 generated theoretical functions for various pairs of atoms: Sn-Ge, Sn-

Sn, etc.  

Fits generally use 3 parameters for each peak: amplitude, shift distance and broadening, σ. The 

first peak of the Ge edge data was fit with Ge-Ge and Ge-Sn pair standards using a model where 

Sn atom substitutes for a Ge neighbor. The amplitudes of both pairs were initially constrained by 

the percentage of Sn in the sample; at 15 mol% Sn inclusion, roughly 0.6 Ge-Sn neighbors would 

be present for random doping (4*0.15=0.6). The percentage was allowed too very and was found 

to be smaller than the nominal concentration. The second peak was fit with the Ge-Ge second 

nearest neighbor pair with amplitude set equal to 3*the amplitude of 1st Ge-Ge neighbors. For 

these fits, 12 parameters were varied, and 15 degree of freedom remained. Best fits excluded Ge-

Sn 2nd neighbors. 

Sn edge data were fit using Sn-Ge and Sn-Sn pair standards on the first peak and an Sn-Ge pair 

for the second data peak.  We initially let S0
2 vary. It was always above 1 but varied too much so 

to compare the three samples, so it was set to 1.04 based on an earlier paper.6 The number of free 

parameters were 11 and 9.4 degrees of freedom remained due to the shorter FT range than used 

for the Ge edge.  
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8.3 Results and Discussion 

The Ge and Sn spectra are shown in Figure 1. The second nearest neighbor peaks are present in 

the 240°C and 250°C samples but increase with higher synthesis temperature which confirms 

higher crystallinity and lattice incorporation.  

Figure 1. The EXAFS spectra of the Ge and Sn edges of DDT-capped Ge-Sn QDs synthesized 

at (a) 230°C (b) 240°C and (c) 250°C.   

 

Ge Edge Spectra                             Sn Edge Spectra 
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Sn-edge. Amplitude is given by N* S0
2 where S0

2 is the amplitude reduction factor and N is the 

number of neighbors. The value of S0
2 was initially allowed to vary. It was always above 1 as had 

been reported for Sn in an earlier report1 and was constrained to 1.1 for comparison between the 

three samples.  

Table 1 summarizes the fit results to the Sn spectra data. The number of neighbors, the shift in 

bond length and σ2 are presented for each path. Each Sn may have Ge nearest neighbors (nn) or 

Sn nn.  The first peak on the Sn edge data was fit using two paths: Sn-Ge and Sn-Sn. The very 

large expansion required for the Sn-Sn bond (~0.24 Å) can only be accommodated by atoms on 

the surface, the number of such nearest neighbor sites is much less than 4, and depends on the type 

of surface (100, 111 etc.).  The shift of 0.1 and 0.24 Å on the Sn-Ge and Sn-Sn pairs suggests 

covalent boding.   

At 15 mol% Sn inclusion, roughly 0.15*4 = 0.6 Sn neighbors would be present for random 

doping. However, the Sn-Sn path amplitude is small and underneath the larger Sn-Ge signal. 

Consequently, the Sn-Sn 1st neighbor amplitude is a soft parameter with a broad minimum which 

can be fit with a range of values from 0.5 to 0.8. These values are consistent with the amplitudes 

we would expect from ~15% random doping of Sn.  

The second peak was fit with a Sn-Ge path only. The sample synthesized at 230°C did not have 

a significant second peak above the noise and no values are reported. The second neighbor peak 

amplitude was too small to reasonable include any Sn-Sn second neighbors although that does not 

rule out a small amount of Sn-Sn 2nd nn existing in the sample.  
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Table 1. Sn-edge fit results. NR is the expected amplitude values for an even distribution of 

15 mol% Sn in the sample. N is the number of neighbors. The first nearest neighbor (nn) is 

a mix of Sn and Ge neighbors while the second nn was fit to a Ge neighbor only. It is likely 

that a small number of second Sn nn are present but generate a signal that is not above the 

noise of the measurement.  
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230° 

 

N  shift (Å)  σ2(Å2) 

 

 

240° 

 

  N   shift (Å)   σ2(Å2) 

 

 

250° 

 

N    shift (Å)   σ2 (Å2) 

Sn-Ge 

(1st nn) 

2.493 3.4 3.1     0.12    0.005 3.2         0.11     0.005   3.2       0.10       0.004 

Sn-Sn  

(1st nn) 

2.493 0.6 0.6     0.24    0.003 0.5-0.6   0.24    0.002 0.6-0.7   0.22     0.003 

Sn-Ge 

(2nd nn) 

4.071 12 -   -             -   4.3       0.01    0.006    4.6       -0.01    0.006 

 

Ge-edge. The first neighbor peak was fit with Ge-Ge and a small amount of Ge-Sn. The 

percentage of Sn in the sample was allowed to vary with the sum of the amplitudes of Ge-Ge and 

Ge-Sn constrained. The low amplitude of the Ge-Sn peak gave parameters that are not well 

defined, such as a small σ2 value, and makes a meaningful number of neighbors difficult to 

determine. In addition, the overlap of the Ge-Ge and Ge-Sn peaks is such that the signals 

destructively interfere with each other which further contributes to uncertainty of the Ge-Sn peak 

parameters.  However, the fit was improved by including the Ge-Sn peak and the overall peak 

retains much of its symmetry which indicates that the Ge-Sn peak is indeed small. The low 

amplitude value is likely due to interior Ge atoms bonded to exclusively Ge atoms, suggesting that 

Sn is on the surface of the NP instead of being dispersed in the QDs.  

The second nearest neighbor peak is small on all samples. As noted previously, the number of 

farther neighbors in high-surface-area particles is expected to be low however, the small peaks 

found on the Ge edge data indicate that these particles have a high degree of disorder. Amorphous 

Amplitudes and Shifts from Fits of Data 
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character, high number of grain boundaries or variation in bond length will all reduce peak 

amplitudes. No significant Ge-Sn bonding was found for second nearest neighbor bonding.   

 

 

Figure 2. The first neighbor Ge-Ge peak (black) overlaps and has a high degree of destructive 

interference with the first Ge-Sn neighbor peak (red) making the amount of Sn neighbors a 

soft variable.  

Table 2. Ge-edge fit results. N reference is the expected amplitude values for an even 

distribution of 15 mol% Sn in the sample.  
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N         shift         σ2 

Ge-Ge  

(1st nn) 

2.493 3.4 3.6       -0.04    0.004 3.7        -0.03   0.004 3.7        -0.04    0.004 

Ge-Sn  

(1st nn) 

2.493 0.6 0.2        0.10    0.002 0.3         0.11    0.003 0.3         0.11    0.003 
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8.4 Conclusion 

After confirming by various elemental analysis techniques that samples contained both Sn and 

Ge, we wanted to understand how Sn was incorporated into the host lattice. The Sn edge spectra 

confirms that Sn is going into the host lattice because the second peak was fit with Sn-Ge.  

The low number of Ge-Sn neighbors indicates that Sn is largely confined to the surface of the 

particles instead of a random distribution. This is confirmed by the bond length expansions 

required for Sn incorporation onto a Ge host lattice. For Sn doping restricted to on or near the 

surface, a higher concentration of Sn-Sn bonding would be expected than for a random 

distribution. Although the value of Sn-Sn amplitude is soft, the range indicates ~6% Sn lattice 

inclusion. A possible explanation is Sn partially incorporated into the lattice and partially in a 

highly disordered state that does not contribute to the EXAFS signal.  
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9 Conclusion  

The work presented in this dissertation has filled a gap in the understanding of local structure of 

pure and doped Group IV Ge QDs. Crystallinity, particle size and size polydispersion were 

measured with TEM, XPS was used as elemental analysis, PXRD showed changing lattice 

parameter with doping and was used to find crystallite size. Post ligand exchange elemental 

analysis indicated stable interaction between dopant atoms and Ge host. PDS quantified disorder 

with Urbach energy. To assess bonding and bonding disorder, EXAFS was used to find bond 

length, coordination, and bond disorder as a way to asses dopant lattice incorporation and location 

on QDs. Results and discussion for each system was presented in separate chapters, a final 

comparison will be presented here. Figure 1 shows bond expansion for samples with Bi, Sb and 

Sn.  

 

Figure 9-1. The bond expansion for Bi, Sb and Sn atoms in Ge QDs. 

The bond expansions for Bi and Sb match the increase in covalent radius between the dopant 

and Ge indicating that dopant atoms sit on Ge lattice sites. Bi dopant atoms were shown to occupy 
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surface sites which accommodated the lattice expansion necessary for the large Bi atom. Surface 

occupation minimizes disorder on the Germanium lattice. Bond expansion was highest on the first 

neighbors equaling the difference in covalent radius (0.29 Å). This degree of shift was reduced to 

values of 0.07-0.09 Å and 0.03-0.06 Å on the third neighbor showing that the lattice disruption is 

negligible beyond the second nearest neighbor.  

The bond length expansion on the first neighbor around Sb atoms in Ge QDs matched the 

difference in covalent radius. Second and third neighbor peaks were to disordered, due to distance 

splitting, to determine bond expansion.  

The expected bond length expansion around Sn atoms is 0.14-0.19 Å based on the ionic and 

covalent radius. EXAFS results yielded an expansion of only 0.1 Å. This value is in agreement 

with a EXAFS study performed on Ge-Sn films which the authors attributed to a difference in 

electronegativity.1 However, the electronegativity values between Sb and Sn are not significant to 

cause such different bond length with Ge. Unlike the levels of Bi and Sb incorporation (0.5-1.5 

mol %), the levels of Sn incorporation into the Ge-Sn QDs is above doping levels. At 15 % Sn 

random Sn lattice location would result in some Sn-Sn bonding (0.6 Sn-Sn neighbors). As Sn has 

no solubility in bulk Ge, the chemistry of Sn-Ge alloy is unknown. The short bond length found 

here indicates that the chemical interaction between Ge and Sn atoms in this system is distinct 

from the Ge-Bi and Ge-Sb samples.  

Figure 2 is the plots of the number of neighbor results for the first and second nearest neighbors 

for (a and b) pure Ge QDs, (a)Bi doped QDs, (b) Sb doped QDs and (c) the Ge-Sn QDs. The 

number of neighbors from EXAFS analysis of Ge signal from pure Ge QDs follow the expected 

size trend, deviations are likely due to irregular shapes and lack of homogeneity of the samples. 

Ge atoms in the Bi doped samples have an equivalent number of first neighbors equal to those in 
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the undoped samples (within measurement error). Dopant atoms are confined to the surface or near 

surface which leaves the interior Ge atoms structurally undisturbed. Coordination for Bi atoms is 

low except for the DDT-capped sample. Ligand exchange involves stripping OAm off, heating 

and solvent washes. Loosely bonded Bi atoms are likely stripped off during this process, leaving 

only strongly bonded dopant atoms and resulting in the increase of average number of neighbors. 

The DDT-capped sample has an average of 3 nearest neighbors, Bi atoms reside near the surface 

or in the near surface layers and be well incorporated into the host lattice.  

Lower number of neighbors are found on both edges on the Sb doped QDs. A model that puts a 

high percentage of Sb atoms on the interior of the particles adjacent to a vacancy was able to 

explain both the lattice expansion with doping, the low second and third neighbor peaks on the Sb 

edge and the lower amplitudes on the Ge edge of doped samples.  

The number of neighbors in the Ge-Sn QDs for the Ge atoms match the value for undoped 

samples showing that these QDs retain high crystallinity and order. The Sn atoms have 3.0-3.2 

nearest neighbors indicating lattice incorporation.  
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Figure 9-2. The number of first  and second neighbors for (a) pure and Bi doped QDs, (b) 

Pure and Sb doped QDs (c) Ge-Sn doped Ge QDs   

The Bi doping, Sb doping and Ge-Sn alloy system have shown unique results that had no bulk 

analogue. The chemistry and synthesis of QDs is a developing field which requires careful 

characterization. The ability to make new materials and new material systems due to the unique 

nature of quantum materials makes this an exciting and novel topic.  

   

For colloidal QDs to act as a functional material in device application, samples must meet 

requirements of uniformity to enable charge extraction to transport materials. Extraction is 
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severely limited by structural defects and disorder that result in trap states. Controlling electronic 

states is the other crucial factor for charge extraction as the energy levels or minibands dictate the 

driving force for charge carrier movement. Doping QDs is a pathway towards controlling 

electronic and optical properties but also increases disorder. Therefore, developing synthesis 

methods to produce low disorder QDs while also enabling control over electronic states  necessary. 

These results extracted from EXAFS data fill the gap in knowledge about local structure of the 

QD samples studied here. Using the analysis results from all the techniques presented in this 

dissertation, a full picture of the structural impacts from doping, surface manipulation and 

synthesis temperature has been provided. This has motivated the continued development of Ge 

QDs by collaborators at UC Davis.2 Focus has been on increasing size uniformity and developing 

various ligand exchange processes to fully passivate the QD surface with short halides for 

increased particle coupling and integration with matrix materials. The characterization methods 

performed for this work will continue to be crucial for synthesis optimization.  
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