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ABSTRACT 

Silicon nanocrystals (SiNCs) have become an important class of materials in the fields of 

photovoltaics, thermoelectrics, lighting, and medicine.  Impurities within SiNCs dramatically alter 

the electrical and optical properties of the host material, whether the impurity is intentionally 

added in an attempt to manipulate properties, or is inherent to the material and its natural state.  

Despite such remarkable changes, impurity incorporation within SiNCs remains poorly 

understood, since concepts applied to understanding impurities in bulk materials may not 

completely translate to nanomaterials.  Understanding the effect of SiNC impurities requires new 

technologies to produce materials suitable for study combined with new insights to expound the 

differences in the nanoscale physics.  Nonthermal plasma-assisted gas-phase synthesis provides 

an excellent route to producing and investigating impurities within SiNCs due to the unique 

chemical reaction environment of the plasma.  The robustness of such a technique allows for the 

production of very pure SiNCs or SiNCs with added impurities simply by adding different 

chemicals to the plasma.  The chapters in this document focus on the effect that different 

impurities have on the properties of SiNCs.  Chapter 2 focuses on heavily P-doped SiNCs 

exhibiting the first known observation of a unique electrical and optical property known as 

localized surface plasmon resonance (LSPR) within free-standing SiNCs.  Chapter 3 explains the 

synthesis of B- and P-doped SiGeNC alloys and their deposition into thin films for thermoelectric 

applications.  Chapter 4 highlights research which uses P-doped SiNCs to form emitter layers for 

pn-junction type solar cells, including device fabrication and optical characterization.  Chapter 5 

examines inherent impurities in the form of dangling bond defects which may be responsible for 

the quenching of SiNC photoluminescence, and their evolution during the process of air-ambient 

oxidation.  Several appendices at the end of the document detail some of the fabrication 

processes used throughout this work, as well as brief reports of some side projects that may be of 

interest to researchers intent on studying SiNC synthesis and deposition technologies. 
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1.   IMPURITIES IN SILICON NANOCRYSTALS ï  
A BRIEF INTRODUCTION 

1.1. IMPURITIES AND SEMICONDUCTOR NANOCRYSTALS 

Semiconductors, by their very nature, are remarkable materials, exhibiting conductive 

properties like a metal, but also nonconductive properties like an insulator.  The unique material 

properties of semiconductors have made them the foundation of modern electronics, enabling 

transistors, diodes, microprocessors, lasers, solar cells, radios, telephones, and computers.  One 

of the most common semiconductors in the world is silicon.  Silicon (Si) has become the basis for 

almost all microelectronic devices and the production of Si wafers sustained a $10.3B industry in 

2011.
1
  Crystalline Si holds 80-90% of the market share in photovoltaics,

2
 despite its large optical 

absorption length compared to other semiconductors which allow for thinner absorbing layers.  

The prosperity of Si in industry is in large part due to a natural abundance of Si in the earthôs 

crust, second only to oxygen.
3
  However, the versatility of Si, and semiconductors in general, 

mainly resides in the ability to manipulate the electrical, optical, and mechanical properties 

through the addition of impurities.  The importance of impurities depends on the fact that often a 

very small impurity concentration significantly affects the host materialôs properties. 

Impurities can be categorized into two types ï intentional impurities and inherent impurities.  

Intentional impurities are purposely added to a pure substance in order to precisely manipulate its 

properties.  The addition of impurities in low concentrations is commonly known as ñdopingò and 

is one of the main reasons semiconductors are so useful in electronics due to the dramatic effect 

on material properties.  As an example, doping Si between concentrations of 1 in 100 to 1 in 1 

billion causes the electrical conductivity changes by a factor of 10
6
!  Alternatively, adding high 

concentrations of impurities may change the structure of the material, resulting in the formation of 

a compound known as an alloy.  Alloys are usually more common in metallurgical applications; 

however an important semiconductor alloy for transistors and thermoelectrics is silicon-

germanium.  In contrast to intentional impurities, one can generally think of inherent impurities as 
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the innate, natural result of synthesis or long-term environmental exposure without the directed, 

deliberate addition of a new material.  Since they are usually difficult to avoid, inherent impurities 

usually carry a negative, though misguided, connotation.  For instance, oxygen (O) is an inherent 

impurity because Si oxidizes upon exposure to air, but biological applications of Si nanocrystals 

(SiNCs) require an oxide shell for water solubility and bio-compatibility. 

In addition to impurities, semiconductor properties are dramatically affected as the size of the 

material is reduced to the nanoscale (1-50 nm), attributable to two main factors ï one geometrical 

and one electrical.  Considering geometry, nanoparticles consist of almost as many surface 

atoms as core atoms.  As a result, the chemical nature of the surfaces becomes important due to 

the increased contribution to the nanoparticle.  Simultaneously, as materials are scaled down, 

their dimensions begin to approach the characteristic length for electron delocalization, known as 

the exciton Bohr radius.  Below this characteristic length, electrons begin to crowd each other, 

and modification to bulk energy states is required to accommodate this crowding.  This effect is 

known as quantum confinement and results in ñpureò nanoscale materials exhibiting notable 

differences in mechanical, electrical, and optical properties from their bulk counterparts, which 

can be tuned simply by adjusting the size of the particle. 

As a result of the potential to exploit remarkable size-dependent properties and recent 

advances in microscopy and material characterization techniques, the study of semiconductor 

nanocrystals (NCs) has witnessed dramatic advances over the past several years.  Significant 

attention has been devoted to Group II-VI and IV-VI compounds which are easily synthesized in 

liquid-phase reactions at low temperatures and produce excellent size control and small size 

distribution,
4
 yet concerns over availability and environmental toxicity of the constituent elements 

inhibit the proliferation of such materials.  However as mentioned before, Si is widely abundant, 

fairly benign, and benefits from a well-established infrastructure.  In fact, recent reports suggest 

SiNCs as a very important nanomaterial, with focus on the remarkable optical properties such as 

highly-efficient photoluminescent quantum yield (PLQY),
5
 multiple carrier generation

6
 and multi-
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exciton generation.
7
  Successful application of SiNCs to devices such as lasers,

8
 memory 

storage,
9
 hybrid-organic solar cells,

10ï12
 and light-emitting diodes (LEDs)

13
 demonstrate excellent 

versatility.  These results have driven rapid research and as a result, SiNCs are an intensely 

studied material ï a Scopus database search for ñsilicon nanocrystalsò returned 1880 articles, a 

similar Google search returned over 122,000 results!   

Despite such attention, the effect of impurities, i.e. doping, alloying, surface chemistry, is still 

relatively unknown for SiNCs, as well as semiconductor NCs in general.  Conventional doping 

methods developed in the microelectronics industry, such as ion-implantation, spin-on dopants, 

and dopant gas diffusion, are generally designed for wafer-based materials, and the transition to 

nanomaterials is not straightforward.  For example, dopant diffusion is usually carried out in a 

furnace at temperatures above 1000 °C, however, semiconductor NCs have been observed to 

melt, sinter, and change surface termination at temperatures much lower than this.
14,15

  In 

addition to unforeseen effects, physically fundamental processes inhibit NC doping.  Attempts to 

dope NCs result in a phenomenon termed ñself-purificationò where dopant atoms segregate to the 

NC surface in an effort to lower the free energy of the particle.  The segregated dopant is typically 

electrically inactive, resulting in undoped or lowly doped NCs.
16,17

  This effect is 

thermodynamically driven at high synthesis temperatures where chemical equilibrium occurs.
18

  

At lower temperatures, such as those commonly used in colloidal synthesis, kinetics limits the flux 

of dopant atoms to the NC surface.
19

  Similarly, alloyed NCs may phase segregate into separate 

materials.  Despite the importance of dopants located at or near the NC surface, the effect of 

such impurities still remains relatively unknown.  ñSurface dopingò has been coined to describe 

how an impurity at the NC surface effectively changes the semiconductorôs electronic properties 

without providing a free charge carrier as it would in a bulk semiconductor.
20

 

In order to further study the effects of impurities within SiNCs, repeatable robust synthesis 

methods are necessary, allowing for precise control over size and composition.  In 1990, 

luminescent SiNCs were first formed by anodically etching Si wafers to form porous, 
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nanostructured Si.
21

  Since then, a myriad of techniques have been described for SiNCs 

synthesis.  Solid phase formation of SiNCs via sputtering of Si-rich oxide and subsequent 

annealing produces SiNCs embedded in an oxide matrix with excellent surface passivation, i.e. 

low defect concentration.  This technique has been used to study optical emission from SiNCs
22

 

as well as thin film SiNC pn-junction photovoltaics.
23ï26

  Furthermore, co-sputtering a dopant 

target allowed for SiNC doping at least at low dopant concentrations.
23,27ï29

  The success of the 

technique relies on the excellent surface passivation, due to the embedded nature of the material, 

which inhibits phase segregation of the dopant to the SiNC surface.  However, a major drawback 

of this technique is the time required for sputtering and the high temperatures (>1000 °C) needed 

for NC formation.  Only a few successful demonstrations of liquid-phase SiNC synthesis have 

been reported since the melting temperature (and thus the crystallization temperature) for Si is 

quite high compared to the decomposition temperatures for all known solvents used in liquid-

phase reactions.  Baldwin et al. synthesized SiNCs via Si halide reduction with sodium 

naphthalenide with a size distribution of 5.2 nm ± 1.9 nm.
30

  Alternatively, using a solid-liquid 

hybrid technique via femtosecond laser ablation of a submerged Si wafer, Tan et al. synthesized 

SiNC terminated with acrylic acid with a size distribution of 1.9 nm ± 0.4 nm.
31

 

On the whole however, gas-phase synthesis techniques provide more favorable SiNC 

synthesis routes as they accommodate for higher temperatures necessary for rapid 

crystallization.  As a result, numerous reports outline successful gas phase SiNC synthesis 

techniques, such as laser pyrolysis,
32

 laser photolysis,
33

 thermal pyrolysis,
34

 hot wire chemical 

vapor deposition (HW-CVD) of SiH4,
35

 laser-, photo-induced-, microwave-, and catalytic-CVD.
36ï40

  

Nevertheless, these techniques suffer from a lack of repulsive forces between NCs during growth, 

in contrast to the steric repulsions found in liquid-phase synthesis.  As a result, the high 

temperatures needed for crystallization amplify NC collisions and interactions, leading to 

coagulation and significant broadening of size distributions.
41
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In the last fifteen years, nonthermal plasmas emerged as a technique capable of producing 

high-quality semiconductor NCs in the gas-phase while avoiding some of the common drawbacks 

for other gas-phase synthesis techniques.  In 1997 Gorla et al. demonstrated production of 

spherical SiNCs and GeNCs in the gas phase with a continuous flow, inductively-coupled radio-

frequency (RF) plasma,
42

  while in 2003, Bapat et al. reported the production of faceted SiNCs 

using an inductively-coupled RF plasma.
43

  However, control over particle size, shape, and 

monodisperity remained challenging with inductively coupled plasmas due to necessarily high 

plasma densities.
44

  As an alternative, Mangolini, Thimsen, and Kortshagen reported in 2005 of a 

continuous flow, capacitively-coupled RF plasma reactor.
45

  In a capacitively coupled plasma, the 

plasma density can be more easily tuned offering better control of NC properties.
44

   

In any plasma synthesis technique, an applied voltage ionizes a carrier gas to form an 

oscillating, high-energy free electron gas.  A semiconductor precursor dissociates within the 

plasma due to energetic collisions, and chemical radicals cluster together and nucleate to form 

nanoparticles which may or may not crystallize.  In the abovementioned schemes, argon or 

helium acts as the carrier gas.  The plasma dissociates silane (SiH4) gas which produces silicon-

hydrogen (Six-Hy) radicals, in turn leading to nucleation of Si clusters.  Electron-ion recombination 

and H-Si surface reactions occurring at the cluster-gas interface lead to large temperature spikes 

which crystallize the cluster.
46

  From this point on, NC growth occurs slowly through coagulation 

and surface reactions with neutral clusters and radicals.  Charging of the NCs within the plasma 

creates a repulsive force which reduces agglomeration and leads to narrow, Gaussian size 

distributions.  The SiNCs typically consist of an H-terminated surface due to excess H from the 

SiH4.  In general, impurity doping results from adding phosphine (PH3) or diborane (B2H6) gas for 

n- or p-type doping, respectively.  Likewise, alloying can be achieved by adding germane (GeH4) 

into the precursor flow stream.  Recent demonstrations of this technique illustrate its robustness 

and versatility for synthesizing semiconductor NCs - highly luminescent SiNCs,
5
 in-flight alkene-

passivated SiNCs,
47

 germanium NCs (GeNCs),
48

 indium phosphide NCs,
49

 gallium nitride NCs,
50

 

silicon-germanium alloy NCs (SiGeNCs),
48

 and boron- and phosphorus-doped SiNCs.
51
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Several variations of this technique illustrate its technological importance and adaptability.  

Large scale production of SiNCs was shown possible via very-high-frequency (VHF)
52

 and 

microwave
53

 nonthermal plasma techniques.  As mentioned above, dissociation and particle 

formation from SiH4 and GeH4 produce H-terminated NCs, however there is no fundamental 

chemical process which prohibits using other non-hydrogenated precursors for group IV NC 

synthesis.  Halogenated precursors such as silicon tetrachloride (SiCl4),
54

 silicon tetrabromide 

(SiBr4),
55

 and germanium tetrachloride (GeCl4)
56

 have also been used to produce NCs using RF 

and VHF nonthermal plasmas. 

1.2.   GENERAL DESCRIPTION OF NC SYNTHESIS TECHNIQUE 

The reactor used in this work was modeled after the plasma assisted synthesis technique 

originally developed by Mangolini, Thimsen and Kortshagen in 2005.
45

  The general configuration 

of the reactor is shown schematically in Figure 1.1, however specific alterations will be discussed 

in individual chapters as required.  Specifically, a capacitively-coupled, nonthermal radio-

frequency (RF) argon plasma dissociates hydrogenated semiconductor precursors.  Table 1.1 

outlines the properties of the gases used.  Thermal-based mass flow controllers (MKS 1179 and 

MKS 1479) deliver gas flows to a manifold which pre-mixes the gases before injection into a low-

thermal-expansion glass tube (1ò O.D. / 0.85ò I.D.) where the plasma reaction takes place.  The 

pressure inside the reactor is measured using a convection-enhanced Pirani gauge (Granville-

Phillips Convectron 275).  Typical reactor pressures for NC synthesis span between 0.8-5 Torr.
1
  

Low pressure is achieved by a single, dual-stage rotary vane vacuum pump (Leybold D40B, 

Alcatel 2033, or Alcatel 2063), which evacuates the chamber to less than 10 mTorr before gas 

delivery.  Three purge-fill cycles with nitrogen gas (N2) minimize contamination before NC 

synthesis, and provide safe conditions upon which to vent the reactor to ambient during sample 

removal or reactor maintenance.  Two copper ring electrodes placed one inch apart deliver RF 

                                            
1
 A distinction should be made here between measured pressure and actual pressure.  A convection 

enhanced Pirani gauge is used to monitor pressure in the synthesis region, which depends on the 

convective heat transfer coefficient of the gas.  The gauge is calibrated to nitrogen but the reaction occurs 

under > 95% argon, so a correction was used to convert the measured pressure to the actual pressure. 
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power to the plasma from a 13.56 MHz 600 W power supply (Advanced Energy RFX600).  A 

custom-modified RF antenna tuner (MFJ Enterprises 962D) provides impedance matching for the 

plasma reactor.  Previous reports form our group explain that over 55 W is necessary to produce 

NCs,
57

 however recent work confirms the actual power delivered to the plasma is only a fraction 

of the nominal power often reported in the literature.
58

  Experience proves that the nominal power 

threshold for NC production depends on the reactor geometry and matching network electronics.  

Nevertheless, nominal power remains a qualitative process parameter to report.  In this study, 

typical nominal powers ranging between 70 ï 130 W produced NCs. 

 

Figure 1.1.  Plasma reactor schematic.   Plasma-assisted, continuous flow semiconductor NC reactor 
and film deposition chamber, with magnified diagrams of the plasma discharge and the NC 
deposition nozzle.  
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Table 1.1.  Process gases used in this work.  

 Gas composition  Structure  Symbol  Toxic Hazard  Fire Hazard  

Silane  100% 
 

SiH4 Slightly Yes 

Germane  10% in Argon 
 

GeH4 Yes Yes 

Phosphine  15% in Hydrogen 
 

PH3 Yes Yes 

Diborane  10% in Hydrogen 

 

B2H6 Yes Yes 

Argon  100%  Ar In high levels No 

Hydrogen  n/a  H2 Low Yes 

In general, NCs were collected either as thin films or as powder samples using a spray-

coating method, known more formally as inertial impaction.  A tapered rectangular nozzle restricts 

the gas flow after the NC synthesis region and creates a pressure drop between the synthesis 

region and the deposition chamber.  As gas accelerates through the nozzle, drag forces 

subsequently accelerate the NCs to sufficient velocity that they travel ballistically from the nozzle 

exit to a substrate placed 5-10 mm downstream.  For powder collection, a substrate placed 

beneath the nozzle exit collects macroscopic amounts of NCs.  For NC film deposition, a manual 

linear feedthrough moves the substrate through the rectangular particle beam forming a thin film 

comprised of interconnected NCs.  The feedthrough connects to the reactor through a load-lock 

twin gate-valve system and retracts into a small removable chamber for air-free removal and 

transport.  Twin gate valves allows for air-free transport of the removable chamber while 

maintaining reactor integrity against ambient contamination.  The standoff distance from the 

nozzle exit to the substrate offers control over the film porosity.
59

  Adjustment of the nozzle 

opening provides additional control of the pressure in the synthesis region.  More specifically, the 

flow restriction created by varying nozzle sizes changes the pressure upstream of the nozzle, 

independent of the Ar flow rate.  The NC impact velocity is large enough that NCs adhere to the 

substrate, however is low enough such that no NC deformation is observed.  This configuration 

results in randomly packed spheres and provides the highest possible density of ~ 63%.  The 

details of impaction theory are well developed, and interested readers are directed towards texts 
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by Hinds
41

 and Friedlander
60

 for rigorous treatments, as well as a recent article by Girshick 

outlining advanced techniques of aerosol-based nanoparticle deposition.
61

  For this work, 

additional focus on thin film impaction can be found in Chapters 3 and 4, where device fabrication 

required high quality film deposition. 

Lastly, several safety and design features of the reactor should be mentioned because they 

impose unique research constraints.  Firstly, using toxic, explosive, and/or pyrophoric gases 

require implementation of advanced safety features.  Toxic gases such as GeH4, PH3, and B2H6 

are purchased as diluted mixtures, 10% in Ar, 15% in H2, and 10% in H2, respectively.  The 

diluent reduces potential exposure concentrations, and in the case of hydrogen, diffuses more 

rapidly than other gases for quicker detection.  Negative-pressure cabinets house gas cylinders, 

monitoring the flow and providing automatic lockout in the event of a building power failure.  A 

pyrolizing furnace, i.e. burn-box, safely decomposes unreacted gases before exhausting the 

effluent.  To even further reduce toxic exposure in the event of a gas leak, the entire reactor must 

be housed within a negative-pressure fume hood, placing limitations on the physical footprint of 

the reactor.  Several separate reactors now share the gas lines, requiring far less reconfiguration 

in between experiments which in turn reduces the potential for gas leaks.  Finally, a remote user 

interface, shown in Figure 1.2, allows for safe operation of the gas lines and pneumatic valves 

from outside the fume hood, minimizing the time a user could be exposed to potential leaks.  The 

author recently developed and built this interface in collaboration with Lee Weinkes, a Ph.D. 

candidate from the Department of Physics, and Rick Liptak, a post-doctoral researcher from the 

Department of Electrical and Computer Engineering. 
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Figure 1.2.  Schematic of remote user interface for re -designed NC doping system.   Yellow 
rectangles ï gas sources, crossed circles ï pneumatic valves controlled by electrical switches, blue 
rectangles ï plasma reactors, white bowties ï manual valves, black rectangles ï mass flow 
controllers, black circles ï pressure gauges, green rectangles ï tanks for premixing of dopants.  
Additional capability was accommodated for future experiments.  

 

1.3. DOCUMENT OUTLINE 

The preceding chapter has laid the foundation for this thesis by highlighting the motivation to 

understand semiconductor NC doping, the challenges involved in studying such material 

systems, and the technology employed to do so.  The following chapters will each focus on a 

different case of impurities in SiNCs.  Chapters 2-4 are centered on the intentional addition of 

impurities, either through doping, or alloying of SiNCs.  Chapter 2 focuses on the synthesis and 

characterization of very-highly-doped SiNCs with P.  Such NCs exhibit an optical property known 

as localized surface plasmon resonance (LSPR) in the infrared region of the electromagnetic 

spectrum and are the first demonstration of SiNCs to exhibit this remarkable optical property.  

The chapter describes the synthesis conditions necessary for production of SiNCs exhibiting 

LSPR, and uses compositional and structural characterization techniques to help identify the 
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exact role of the dopants.  Portions of this chapter were published in Nano Letters 

(10.1021/nl4001184, 2013) in collaboration with Jong Seok Jeong and Prof K. Andre Mkhoyan 

from the Department of Chemical Engineering and Material Science at the University of 

Minnesota.  Chapter 3 explains the synthesis of doped SiGeNC alloys for thermoelectric 

applications in collaboration with Tyson Baldridge and Prof. Mool Gupta, from the Department of 

Electrical and Computer Engineering at the University of Virginia.  Thin film deposition and 

compositional characterization of the doped alloys were performed at the University of Minnesota 

and will be reported.  Additionally, a summary of preliminary results reported by the University of 

Virginia will be included.  Portions of this chapter were submitted to the Journal of Physical 

Chemistry Letters for publication.  Chapter 4 highlights research which uses P-doped SiNCs to 

form emitter layers for pn-junction type solar cells.  Important aspects of this research include thin 

film deposition; NC film post processing, such as annealing and etching; photovoltaic device 

fabrication; and optical characterization.  Chapter 5 examines inherent impurities in the form of 

dangling bond defect evolution during oxidation of SiNCs; research performed in collaboration 

with Dr. Rui Pereira from the Department of Physics at the University of Aviero in Portugal.  

Portions of this chapter were published in Physical Review B (10.1103/PhysRevB.83.155327, 

2011) and (10.1103/PhysRevB.86.085449, 2012).  Following Chapter 5, a comprehensive 

bibliography is included.  Finally, for the interested reader, several appendices outline device 

fabrication procedures and include results from tangential investigations on NC technology, 

regarding inkjet deposition of semiconductor NCs, metal-induced crystallization of NC films, and 

plasma-assisted synthesis of boron phosphide nanoparticles. 
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2.   LOCALIZED SURFACE PLASMON RESONANCE 

FROM HEAVILY DOPED SINCS
ÿ
 

2.1. INTRODUCTION 

A localized surface plasmon resonance (LSPR) describes the collective oscillation of free 

charge carriers, which are dielectrically confined in a nanoparticle, in response to an external 

electromagnetic field.
1
  Nanoparticles exhibiting LSPR display remarkable light scattering and 

absorption properties, stimulating intense research due to their applications in bio-sensing,
2
 

spectroscopy enhancement,
3
 sub-wavelength microscopy,

4
 and photovoltaics.

5
  Among 

plasmonic materials, noble metals receive significant attention owing to their large free charge 

carrier concentration, Nfc ~ 10
22
ï10

23
 cm

-3
, resulting in resonances within the visible spectral 

range.
1
  However, recent efforts are exploring the potential of heavily doped semiconductor NCs 

for LSPRs in the infrared spectral range.
6ï10

  Despite siliconôs importance for electronic and 

photonic applications, no LSPRs have been reported for doped SiNCs. 

LSPRs enable one to tailor the optical response of nanomaterials through Nfc, morphology, 

and dielectric environment.  However, unlike in metals, Nfc in semiconductors can be tailored by 

tuning the doping concentration or by other parameters such as temperature and/or charge 

injection, potentially enabling dynamic control of the LSPR response.
11,12

  The lower Nfc in 

semiconductors (10
18
ï10

21
 cm

-3
) shift LSPR frequencies into the near-infrared (NIR) through the 

terahertz (THz) region.  The scarcity of tunable optical materials in this region is referred to as the 

ñTHz gapò in photonics, causing THz technology to develop slowly.
13

  Unfortunately, effectively 

doping semiconductor NCs remains far from trivial.  Dopant segregation to the NC surface may 

severely reduce the dopantsô ability to provide free charge carriers.
14

  At high synthesis 

temperatures, ñself-purificationò may occur, as NCs expel dopant atoms to the surface to lower 

the NCsô free energy.
15

  At lower temperature, dopant incorporation requires favorable surface 

                                            
ÿ
 Portions of this chapter have been published in the manuscript by David J. Rowe, Jong Seok 

Jeong, K. Andre Mhkoyan, and Uwe Kortshagen in Nano Letters (doi:10.1021/nl4001184, 2013).  
Copyright 2013 ACS Publications. 
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conditions for dopant atoms to attach and be covered by additional atoms before becoming 

embedded in the NC.
16

  Both processes may impose upper limits for Nfc and limit the potential of 

some semiconductors to display LSPRs.  Vacancy doping elegantly circumvents some problems 

associated with impurity doping in compound semiconductors;
6ï9

 however, in group IV NCs, free 

charge carriers are generally not formed through vacancies,
17,18

 thereby requiring substitutional 

doping. 

Figure 2.1 displays the conditions under which mid-IR LSPRs in P-doped SiNCs may show 

expected resonant frequencies.  Briefly, the LSPR frequency, fLSPR, is derived beginning with the 

classical dipole polarizability, Ŭ, for a sub-wavelength sphere of diameter, d:
1 
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where Ům is the dielectric constant of the surrounding medium, and the complex dielectric 

function, Ů(ɤ).  Resonance in the polarizability occurs when the so-called Fröhlich condition is 

met, such that the denominator diminishes: 
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where ŮÐ is the high frequency dielectric constant and taken as 11.7 for Si.  Here, the bulk 

plasma frequency is defined as ɤp
2
 = Nfce

2
/Ůome

*
, where e is the electronic charge, me

*
 is the free 

carrier effective mass taken as that of a free electron (me
*
/mo ~ 1), Ůo is the free space permittivity, 

Nfc is the free carrier concentration in the SiNCs, and ɔ is the collisional frequency resulting from 
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surface and grain boundary scattering.  When we insert the real part of the complex dielectric 

function at the LSPR frequency, ɤLSPR into Equation 2-2 we find: 

m

LSPR

p
e
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w
e 2

22

2
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-¤  (2-4) 

After inserting the expression for the plasma frequency, we rearrange equation Equation 4 to 

find the LSPR frequency: 
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Ignoring the effect of interfacial scattering and accounting for ɤ = 2ˊf, we estimate the LSPR 

frequency as found in Equation 2-6, which is the form plotted in Figure 2.1. 
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Figure 2.1.  Predicted LSPR frequency.   LSPR frequency, fLSPR, for a spherical nanoparticle of sub -
wavelength diameter, neglecting scattering estimated from the free charge carrier concentration, Nfc, 
given by Equation 2 -6.  Conversion to wavenumber  (cm

-1
) and en ergy  (eV) are included for reference.  

Symbols identify the lower limit of  Nfc given by Luther et al.
6
 (circle ) and the upper limits given by 

Nobili et al.
19

 for laser annealed (filled diamond) and thermally annealed (open diamond) P -doped Si 
samples.  (inset)  Schematic of P -doped SiNC exhibiting LSPR under an applied electric field.  The 
LSPR mode is supported by donated electrons fro m electrically active P atoms.   

Luther et al.
6
 suggested that < 10 carriers per 10 nm NC may be insufficient to support 

LSPRs, placing a lower limit for Nfc in SiNCs at 1x10
19

 cm
-3

 with ~ 0.02 at% of dopant.  Electrically 

activated P concentrations in Si strongly depend on the activation process, giving a range for the 

upper limit of Nfc.  Nobili et al.
19

 measured Nfc as high as 5x10
21

 cm
-3

 with ~ 10 at% of dopant for 

ion-implanted Si annealed with a pulsed laser, and showed that Nfc decreased to 4x10
20

 cm
-3

 with 

0.8 at% of dopant when subsequently annealed at 1273 K for 5 minutes.  Pi et al.
20

 achieved 

doping concentrations in SiNCs in the 0.1-10 at% range with nonthermal plasma synthesis, as 

first proposed by Mangolini et al.
21

  Pi et al.
20

 pointed out that P is taken up by the SiNC core with 

approximately 10-20% efficiency using a SiH4/PH3 plasma.  Hence, it is reasonable to expect that 

a fractional PH3 flow rate, defined as XPH3 = [PH3]/([PH3]+[SiH4])x100%, on the order of several 

10% is required to achieve LSPR from SiNCs.  For bulk Si, such large XPH3 appears 

unreasonably high, likely deterring such conditions for SiNC production and explaining the lack of 

LSPR observations in SiNCs.
20,22ï25
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This chapter describes the production of degenerately doped SiNCs which exhibit tunable 

LSPRs in the energy range of 0.07-0.3 eV, or mid-infrared wavenumbers of 600-2500 cm
-1

.  It 

begins with a description of the nonthermal plasma technique used to dissociate gaseous Si and 

P precursors to simultaneously nucleate SiNCs and introduce P as an n-type dopant.  From this 

follows a description of the conditions required to produce sufficiently high densities of free 

carriers to support an LSPR mode, a detailed materials characterization of the resulting SiNCs, 

and a discussion about the nature of P doping in SiNCs.  Additionally, the chemical composition 

of the SiNCs was examined during the process of oxidation.  The chapter concludes with a 

description of preliminary attempts at producing B-doped SiNCs and P-doped GeNCs which also 

exhibit LSPR and the results of those experiments. 

2.2. EXPERIMENTAL METHODS 

2.2.1. SYNTHESIS 

The synthesis of highly crystalline, spherical SiNCs is modeled after the nonthermal plasma 

technique described in Chapter 1,
21

 and standard conditions for producing highly P-doped SiNCs 

are given in Table 2.1.  Briefly, to synthesize heavily P-doped SiNCs, PH3 gas, diluted to 15% in 

H2, is introduced into an RF capacitively-coupled nonthermal Ar:SiH4 plasma, operating at a 

nominal power of 110-130 W.  Typical flow rates are 0.5 standard cubic centimeters per minute 

(sccm) of SiH4, 17 sccm of Ar, and 0-4 sccm of PH3 diluted to 15% in H2.  The key parameter, the 

fractional PH3 flow rate defined as XPH3=[PH3]/([PH3]+[SiH4])x100%, is varied by changing the 

PH3 flow rate while maintaining constant Ar and SiH4 flow rates.  Powder samples of P-doped 

SiNCs are collected directly from the gas-phase by spray coating NCs onto a clean substrate 

mounted onto a manual feed-through located inside the reactor.  This technique is also known as 

inertial impaction, and is achieved by throttling the gas flow with a convergent, rectangular nozzle.  

Collisions with the accelerating gas flow transfer momentum to the SiNCs which then travel 

ballistically until they impact on the substrate.  The substrate is placed in the path of the particle 

beam exiting the nozzle for a specified collection time.  The feed-through is then retracted into a 

portable loadlock and transferred air-free to a N2-purged glovebox for further characterization and 
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processing.  In addition to accelerating the SiNCs, the rectangular nozzle controls the gas 

pressure in the plasma region by restricting flow.  By adjusting the width of the nozzle opening, 

the pressure changes independently of the Ar gas flow.  This method is used to produce samples 

at reactor pressures between 0.8 and 1.6 Torr.  During the synthesis process, an amorphous 

layer of Si grows on the inner surface of the glass tube where SiH4 dissociation occurs.  Only 

when a clean, fresh tube is used are undoped SiNCs fabricated, suggesting that dopant which is 

incorporated in the amorphous film can be re-distributed among SiNCs when no additional PH3 

gas is added.  Tubes are cleaned between runs using a potassium hydroxide bath to remove any 

grown Si films, and to reduce cross-contamination between production runs. 

Table 2.1.  Standard synthesis conditions for heavily P -doped SiNCs  

(1)  
Unit  Value  Notes  

Ar Flow  sccm 14-17 100% Ar 
SiH4 Flow  sccm 0.5 100% SiH4 
PH3 Flow  sccm 0-5 15% in H2 
Pressure  Torr 0.8-1.6 actual 

Power  W 110-130 nominal 
Tube Diameter  inch 1 O.D., quartz 

Deposition Time  min 0.5-1 
 

 

2.2.2. FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR) 

FTIR measurements were done using a Bruker Alpha IR spectrometer equipped with a 

diffuse reflectance (DRIFTS) accessory with a deuterated triglycine sulfate (DTGS) detector.  All 

measurements were performed in a N2 purged glovebox at room temperature.  Samples were 

prepared by impacting SiNC films directly from the aerosol phase onto 1ô x 1ô chips of aluminum 

coated Si wafer, and transferred via a portable load lock, air free, to the glovebox.  A bare, clean 

aluminum coated chip was used as a reference.  A reflective substrate is required for DRIFTS 

measurements.  All spectra were recorded from 400 cm
-1

 to 7500 cm
-1

 at 2 cm
-1

 resolution, and 

averaged over 24 scans. 

 



 

21 

2.2.3. X-RAY DIFFRACTION (XRD) 

The crystalline diffraction pattern was measured using a Bruker diffractometer with a 2.2-kW 

sealed Cu x-ray source and a Hi-Star 2-D Area Detector.  Samples were prepared by impacting 

SiNC films directly from the aerosol phase onto glass microscope slides.  Several samples were 

collected per slide and analyzed by targeting the thickest regions of deposition.  Diffraction 

patterns were recorded at ambient room conditions.  Two frames of 30° each were collected, the 

first being centered at 2ɗ = 36° and ɤ = 18°, and each for 2-5 minutes, so as to provide a pattern 

with good signal to noise ratio.  The mean NC diameter was calculated using the Scherrer 

equation. 

2.2.4. SCANNING ELECTRON MICROSCOPY/ENERGY DISPERSIVE X-RAY 

SPECTROSCOPY (SEM/EDX) 

Samples are transferred from the glovebox to a JEOL 6500 SEM equipped with a 

ThermoFisher Scientific NORAN System 6 EDX.  X-rays are collected through a polymer-based 

window by a crystalline Si detector.  Accelerating voltages between 5-10kV are used to maximize 

dead time while minimizing the damage to the sample.  The accelerating voltage is adjusted so 

that the aluminum layer is not measured, such that the electron beam only probed SiNCs.  From 

these measurements, we estimate the fractional P and O concentration ratio, defined as 

XP=[P]/([P]+[Si]) and XO=[O]/([O]+[Si]), respectively.  The same samples that were used for FTIR 

measurements were subsequently used here. 

2.2.5.   SCANNING TRANSMISSION ELECTRON MICROSCOPY (STEM) 

For TEM and STEM studies, samples are prepared by impacting a sub-monolayer of SiNCs 

directly onto a copper TEM grid covered with a holey carbon film.  The samples are then 

transferred into a microscope under minimal ambient exposure.  Characterization of SiNCs, 

including high-resolution bright field (BF)-TEM and high angle annular dark field (HAADF)-STEM 

imaging and EDX is conducted in-situ using an FEI Tecnai G2 F-30 (S)TEM with a Schottky field-

emission electron gun operated at 300 and 200 kV accelerating voltages, described in detail by 
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Behr, Mkhoyan and Aydil.
26

  The microscope is equipped with an EDAX Tecnai 30T/30ST 136-5 

EDX Spectrometer.  Jong Seok Jeong (JSJ) performed the TEM/STEM/EDX imaging and 

measurements.  Additional size distribution analysis and counting statistics were performed by 

the author and JSJ using ImageJ. 

2.2.6.   SINC SURFACE ETCHING AND NC CORE ANALYSIS 

To analyze the SiNC core, the outer SiNC shell needed to be removed.  Freshly prepared NC 

samples produced with varying XPH3 are immediately examined with SEM-EDX in order to 

measure XO and XP.  Other samples prepared under identical conditions are stored in a N2 purged 

glovebox for 90 hours or oxidized under ambient room conditions for 116 hours before being 

examined with SEM-EDX.  The oxidized samples are subsequently etched with vapor of 

hydrofluoric acid in order to remove the Si oxide and any P incorporated therein, and then re-

examined using SEM-EDX to provide an estimate of XP in the NC core. 

2.3.   RESULTS & DISCUSSION ï LSPR OBSERVATION 

 Figure 2.2 shows the IR absorbance spectra of samples produced with varying XPH3 for three 

different pressures in the plasma reactor.  From the data one can see a broad absorption 

consistent with LSPR shifting from 400-1500 cm
-1

 as XPH3 increases.  This broad absorption 

feature is superimposed with surface vibrational modes which are easily identified at low XPH3.  

The sharpest peaks are associated with H bonded to Si - surface hydride stretching modes  

Si-Si4-x-Hx at 2138 cm
-1

, 2101 cm
-1

, 2081 cm
-1

 for x = 3,2,1, respectively; and higher order 

deformation modes at 1000-800 cm
-1

 and 750-550 cm
-1

.
27

  Additionally, a small peak at 2276 cm
-1

 

grows with increasing XPH3, which can be attributed to Si-Px-Hy surface vibrations.
28

  Such an 

observation is consistent with increasing P segregation at the SiNC surface, and agrees with 

models describing dopant segregation in NCs.
16

  While this so-called Si-Px-Hy peak occurs in the 

same wavenumber range of 2200-2300 cm
-1

 as some more commonly observed O-Si-Hx peaks,
29

 

the almost complete absence of surface ïOH (~3700 cm
-1

) and Si-O-Si bridging (~1050 cm
-1

) 

absorptions seems to rule out back-bonded O as the source of the peak.
30  
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Figure 2.2 .  FTIR of P-doped SiNCs exhibiting LSPR.   Normalized FTIR absorbance spectra of P -
doped SiNCs for a range of XPH3 for P = 0.8, 1.2, and 1.6 Torr .  As XPH3 increases a broad absorption 
feature develops and blue -shifts  (a dashed line is added as a guide to the eye) .  Relevant surface 
vibrations are also identified as sharper features superimposed on the broad absorption.  Spectra 
are offset vertically for clarity.  

As shown in Figure 2.2, P-doped SiNCs produced at a higher pressure exhibit LSPRs varying 

controllably through 600-2000 cm
-1

.  By inspection of the three plots, two key conclusions can be 

made.  First, one sees that higher pressures lead to a larger blue-shift of the LSPR peak for a 

similar range of XPH3 (indicated by the dashed line).  Secondly, at higher pressure, the XPH3 

required for the same blue-shift is generally reduced.  Since the Ar flow rate remained essentially 

constant during the experiments, an increase in pressure indicates an increase in the residence 

time of the SiNCs in the plasma.  Moreover, elevated pressures generally lead to increased 

particle heating in a plasma due to the increased rate of surface reactions.  From this, one may 

conclude that SiNCs held at higher temperatures within the plasma exhibit LSPRs with higher 

frequencies.  Further implications of this result will be discussed in a later section regarding 

annealing after production.   

Additional data confirm a shift of the broad absorption with changes in the dielectric 

environment, consistent with an LSPR mode.  Equation 2-6 shows that the LSPR frequency 

depends inversely on the dielectric environment surrounding the SiNCs.  A SiNC film has voids 
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between the NCs with Ům = 1.  By infilling these voids with high dielectric constant solvents, the 

LSPR frequency should red-shift.  As shown in Figure 2.3, the addition of solvent to a SiNC film 

exhibiting LSPR induces a red-shift in the broad absorption frequency.  Acrylonitrile (Ům = 33) and 

2-octanone (Ům = 9.5) were each dispensed (5 ɛL) on top of separate SiNC films while 

continuously recording IR spectra inside a N2-purged glovebox.  The progression of the solvent 

evaporation is shown by the reduction of strong, sharp molecular absorption at ~3000 cm
-1

, and 

the gradual appearance of the broad LSPR mode around 1500 cm
-1

 now slightly red-shifted from 

its original position.  As the solvent evaporates further from the film, the degree of infilling reduces 

and the effective dielectric constant of the medium shifts back towards Ům = 1.  As a result, the 

broad feature returns to the original position when the film was dry, as indicated by the dashed 

vertical line. 

 

Figure 2.3.  FTIR of P-doped SiNCs exhibiting LSPR  under addition of high dielectric constant 
solvents.   The lowe st spectrum in each plot shows  the film in a solvent -less state.  Upon the addition 
of solvent, the LSPR modes are initially overwhelmed by the solvent vibrations, but eventually 
appear, and blue -shift back to the original frequency when the film appears dry to the naked eye.  
Spectra are normalized and offset for clarity.  

Performing SiNC synthesis under XPH3 as high as 60% is unprecedented and thus calls for 

detailed materials characterization as unwanted stable Si-P compounds may form as synthesis 

byproducts and degrade the doping effectiveness.  Figure 2.4(a-f) shows TEM images and size 

histograms for undoped, lightly doped, and heavily doped SiNCs (XPH3 = 0, 8.2 and 47 at%, 
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respectively).  Bright-field (BF) TEM images reveal that particles have a crystalline core with 

approximately a 1 nm thick amorphous shell, regardless of XPH3.  Furthermore, BF-TEM images 

reveal increased twinning in SiNCs produced under large XPH3.  However, when numerous NCs 

are imaged, isolated examples of twinning are found even in undoped NCs.  Figure 2.5 

represents a general survey of samples produced under XPH3 = 0%, 8.2% and 47%, and shows 

the increased likelihood of twinning with XPH3.   

 

Figure 2.4.  P -doped SiNC crystal structure.   (a-c) BF-TEM images of SiNCs and (d -f) corresp onding 
histograms for core diameters of undoped, lightly, and heavily P -doped SiNCs ( XPH3 = 0%, 8.2% and 
47%, respectively).  Mean core diameter is estimated from a Gaussian fit to the histogram data 
(dashed line).  (g) XRD patterns of SiNCs with increasing XPH3 indicate that diamond cubic Si is the 
only phase present.  Diffraction patterns ar e offset vertically for clarity, and the angles for reflections 
from Si -P compounds are included for comparison. (h) Comparison between the grain diameter 
measured by XRD and the core diameter measured by TEM.  The dashed line indicates 1:1 
agreement betwe en two measurement techniques.  Error bars specify the standard deviation from 
Gaussian fits of the histograms shown in (d -f). 
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Figure 2.5.  P -doped SiNC twinning.   BF-TEM images of representative SiNCs produced for undoped, 
lightly and heavily P -doped Si NCs (XPH3 = 0%, 8.2% and 47%, respectively) .  All scale bars are 5 nm.  

In Figure 2.4(g), X-ray diffraction (XRD) patterns further confirm the exclusive presence of Si 

by the absence of higher order diffraction peaks from Si-P compounds.  We attribute the 

diffraction peak broadening as XPH3 increases to a decrease in SiNC diameter, consistent with 

TEM data.  Figure 2.4(h) compares the NC diameter as derived from TEM images (core 

diameter) with the diameter derived from XRD data (grain diameter).  Though twinning leads to a 

slight underestimation of particle size with XRD, both diagnostics show good agreement and 

reveal that the NC size strongly decreases with increasing XPH3.  This size decrease likely results 

from the PH3 delivery in a 15:85 dilution in H2, which reduces the NC growth rate through in-situ 

etching.
31

  Furthermore, smaller SiNCs and grain boundaries from twinning result in an increasing 

number of plasmon scattering interfaces, explaining the observed LSPR broadening at large XPH3 

in Figure 2.2.
6
 

5 nm5 nm

5 nm

U
n

d
o

p
e

d
L

ig
h

tl
y
 P

-d
o

p
e

d
H

e
a

v
ily

 P
-d

o
p

e
d

5 nm5 nm



 

27 

Though Figure 2.4(g) indicates that the SiNCs consist only of diamond cubic Si, additional 

studies were carried out to explore the magnitude and distribution of P within the SiNCs, as this 

should help to identify the concentration of electrically active dopants participating in the LSPR.  

The presence of surface Si-Px-Hy vibrations shown in the FTIR data from Figure 2.2 indicates at 

least some P segregation to the SiNC surface.  Additionally, STEM-EDX measurements further 

suggest that P is either incorporated into the SiNCs and/or condensed on the SiNC surfaces, as 

shown in Figure 2.6(a).  However, the measurement resolution was insufficient to quantify the 

dopant concentration in the SiNC core, which would elucidate the nature of the free carrier 

density.  In order to further probe the atomic P concentration, XP = [P]/([P]+[Si])x100%, in the 

SiNC core, we adapted a technique previously used by Pi et al.,
20

 where XP is measured before 

and after wet chemical etching of P incorporated in a native oxide shell allowed to form on the 

SiNCs (detailed process found in Section 2.2.6).  The etching process removes the native oxide, 

and presumably any other species that were located on the SiNC surface before the oxide shell 

grew.  Figure 2.6(b) shows the SEM-EDX spectra measured for ñas-producedò SiNCs with 

varying XPH3, with C, O, Si, and P KŬ lines identified at 0.277, 0.525, 1.74, and 2.01 keV, 

respectively.  Contamination from O and C are estimated at less than 3 at% and are the result of 

air exposure during sample transfer.  After converting the raw intensity spectra shown in Figure 

2.6(b) to XP as shown in Figure 2.6(c), the data suggests 60-75% of P was condensed on the NC 

surface and removed during the etching process.  By comparing core XP to XPH3, one estimates 

the overall conversion efficiency of the gaseous PH3 precursor to core P incorporation of ~10%, 

consistent with previous studies.
20,22
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Figure 2.6.  P incorporation in SiNCs.   (a) BF-TEM images for survey, HAADF-STEM images and 
corresponding EDX maps for Si KŬ and P KŬ lines for undoped and heavily P-doped SiNCs.  The red 
boxes indicate the analysis area.  (b) Semi -log plot of SEM -EDX spectra for varying XPH3 of ñas-
producedò SiNCs.  Spectra are offset vertically for clarity.  (c) Estimated XP from SEM -EDX spectra 
for ñas producedò samples (squares) and for samples after surface P had been removed to probe the 
SiNC core (inverted triangles).  

To understand the NC doping process in a nonthermal plasma, it is important to realize that 

nanoparticles are selectively heated to temperatures far exceeding the gas temperature by the 

combination of energetic surface reactions and slow convective cooling in the low pressure 

environment.
32

  Excursions from an average temperature are more pronounced for smaller 

nanoparticles, as fewer atoms absorb the energy released by stochastically occurring surface 

reactions.  When SiNCs are small and intermittently achieve high temperatures, Si atoms easily 

arrange to form crystalline cores.  As the SiNCs grow, the thermal energy available for diffusion 

decreases, resulting in increased defect formation as Si and P atoms randomly attach to the NC 
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surface.  This may explain the amorphous shell observed in TEM in Figures 2.4(a-c), which 

cannot be explained completely as an oxide layer.   

Based on this picture, it is reasonable to conclude that free carriers may be trapped, and 

therefore electrically inactive, by defect states located near the NC surface created during the 

stochastic heating, shown schematically in Figure 2.7(a).  Recently, low temperature annealing of 

SiNCs (<473 K) has proven sufficient for reducing defect concentrations by an order of 

magnitude.
33

  As shown in Figure 2.7(b), when we annealed P-doped SiNCs, a clear LSPR blue-

shift occurs at temperatures as low as 423 K, consistent with an increase in Nfc from  

6.2x10
20

 cm
-3 

to 1.05x10
21

 cm
-3

 according to Figure 2.1.  Furthermore, since elevated pressures 

generally lead to increased particle heating in a plasma due to the increased rate of surface 

reactions, this model also explains the blue-shift observed for samples shown in Figures 2.2.  In 

the case of samples made under higher pressure, the increased residence time at a higher gas 

temperature in the plasma may have acted as in-situ annealing, and led to the reduction of 

surface defect states. 

 

Figure 2.7.  SiNC heating.   (a) Schematic describing the mechanism of selective nanoparticle 
heating.  When the SiNC is small,  the thermal capacitance is low,  and stochastically occurring 
surf ace reactions cause large fluctuations in the particle temperature.  As the particle grows the 
temperature fluctuations decrease and thermal energy available for dopant activation decreases.  (b) 
Blue -shift of highly P -doped SiNCs upon subsequent low -tempe rature annealing procedures.  The 
addition of small amounts of thermal energy is sufficient to activate free carriers causing a blue -shift 
in the LSPR frequency.  
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Figure 2.8 summarizes the results of this study.  It displays the measured LSPR peak 

positions versus the P concentration in the SiNC core.  Predicted LSPR frequencies are shown 

for the measured P concentrations, ranging between environments with effective medium 

dielectric constants of N2 (Ům=1) and Si (Ům=11.7).  If the dielectric constant of the medium is 

taken as that of N2 (Ům=1) the observed LSPR frequencies are significantly lower than the 

predicted frequencies.  However, in powder samples, the nearby SiNCs likely need to be 

accounted for in the dielectric constant of the medium.  When Si (Ům=11.7) is used for a medium 

the observed shift of the LSPR peak is more consistent with the expected square root 

dependence on Nfc.  However, these predictions are expected to overestimate the LSPR 

frequencies due to three likely inaccurate assumptions inherent to the model: (1) all core P is 

electrically activated and there are no trapped carriers, which likely overestimates Nfc, (2) 

interfacial scattering is negligible, and (3) plasmon coupling effects between nearby SiNCs is 

ignored.  Each of these assumptions yields a larger LSPR frequency than may be found in our 

SiNCs, consistent with the data presented in Figure 4(c).   

In conclusion, all results presented here are consistent with the first observation of LSPR in 

substitutionally P-doped SiNCs.  We have shown that very large XPH3 is required during plasma 

synthesis to produce sufficient electrically activated free carriers for supporting LSPR modes.  

Furthermore, SiNCs produced under these conditions using the nonthermal plasma synthesis 

retain a diamond-cubic structure despite large concentrations of P.  This facile synthesis 

approach allows for LSPR tunability in the mid-IR region and may enable Si-compatible IR 

photonics at the nanoscale. 
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Figure 2.8.  Summarized LS PR data for several P -doped SiNC samples vs. core X P.  For emphasis, 
the bubble size indicates the diameter of the SiNC core and the color corresponds to peak LSPR 
frequency.  The largest and smallest NC diameter, 10.4 nm and 3.9 nm respectively, are label ed for 
reference.  The predicted LSPR frequency range formed by assuming Ům = 1 (N2) and Ům = 11.7 (Si) 
are shown for reference.  

 

2.4. RESULTS & DISCUSSION ï OXIDATION OF HEAVILY P-DOPED SINCS 

In the previous section, the oxidation process presumably captured surface impurities which 

were removed after etching, however the oxidative properties of such heavily doped SiNCs 

remains a fairly unexplored field.  In order to identify XO and XP throughout the oxidation process, 

SEM-EDX was used to measure SiNC samples immediately after production, and after 90 hours 

of storage in a N2 purged glovebox.  Immediately after production, the EDX data shows that all 

samples consisted of XO ~ 4%, as shown in Figure 2.9.  We use a simple geometrical model to 

estimate the corresponding thickness based on initial XO, and assuming bulk mass densities for 

Si (ɟSi = 2.33 g/cm
3
) and amorphous SiO2 (ɟSiO2 = 2.196 g/cm

3
).  This model imposes mass 

conservation of Si during the oxidation process, which requires that the oxide layer consumes 



 

32 

part of the NC core.  XRD measurements provide the initial NC diameter for samples produced 

with XPH3 = 8.2% and 47%, as 9.8 nm and 6.5 nm, respectively.  Accounting for XO ~ 4% this 

corresponds to an oxide shell of 0.1 nm and 0.07 nm, respectively, which implies a sub-

monolayer of oxide and suggests that the amorphous shell observed in TEM is not the result of 

short exposure to air during sample transfers.  Figure 2.9 also indicates an increase of XO after 

116 hours of ambient oxidation and the removal of the oxide with a hydrofluoric vapor etch.  After 

oxidation, we measured XO = 12% and 56% for samples produced with XPH3 = 8.2% and 47%, 

respectively.  Using our model, we calculate an oxide thickness of 0.33 nm and 1.87 nm, 

respectively, and an equivalent reduction in the NC core diameter.  After the etching process 

some O remains, likely resulting from the air exposure inherent to sample transfer and loading.  

Using reduced core diameters of 9.6 nm and 4.9 nm, and XO = 3.4% and 10.6%, we estimate the 

post-etch oxide thickness as 0.08 nm and 0.14 nm, respectively. 

As stated before and shown in Figure 2.6(c), EDX measurements of freshly prepared 

samples indicate XP of 2.5-16% and similar measurements made after HF vapor etching showed 

a decrease to about 0.5-5%, which is attributed to the P concentration in the SiNC core.  This 

analysis followed the same performed by Pi et al.,
20

 however, additional measurements were also 

recorded, and revealed that the P had actually been removed from the SiNCs before the removal 

of the oxide shell with the HF vapor etch.  The slow oxidation of the samples in ambient 

conditions resulted in a reduction of XP by a factor of ~3.5, as shown by the data points labeled 

ñambient oxidized, pre-etchò in Figure 2.10.  If these measurements are accepted, then two 

potential routes exist for the reduction in P: 1) sublimation of P from the SiNC surface at ambient 

conditions, or 2) through P redistribution during oxidation.  The former seems more likely as the 

latter is usually only observed in bulk Si and at much higher temperatures,
34

 however P 

sublimation from any Si surface has yet to be reported in the literature.  Further validation that 

room temperature sublimation is occurring is that samples stored under N2 ambient for 92 hours 

also display a reduction in XP, and a very noticeable odor is detected from the sample indicating 

some sort of chemical desorption.  SAFETY NOTE: the source of this odor has not been 
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confirmed, and should be considered toxic and dangerous.  Experiments using mass 

spectrometry and/or gas chromatography should reveal the molecular or aerosol nature of the 

odor, and are currently underway.   

In contrast to the conclusions of Pi et al.
20

 the data shown in Figure 2.10 indicates that the 

removal of the oxide shell with HF vapor does in fact not lead to a further reduction in XP.  

Nonetheless, from the EDX data and the oxidation model proposed above, one can estimate 

between 0.33-1.87 nm of oxide is removed during etching, suggesting that any residual P at the 

surface may also be removed.  As a result, it is still valid to attribute the remaining P to the NC 

core, and report it as a function of XPH3 in Figure 2.10, ranging from 0.5-5 at%.  However, at this 

time the precise mechanism for P sublimation is not known, and as a result, careful consideration 

needs to be taken when describing the location and distribution of P within the SiNC. 

 

Figure 2.9.  Atomic O concentratio n of SiNCs during oxidation.   XO measured by SEM -EDX for P -
doped SiNC of varying XPH3 for samples processed as -produced (squares), after 90 hours of storage 
in a N2 purged glovebox (circles), after 116 hours of ambient oxidation (triangles), and subsequently 
etched with HF vapor (inverted triangles).  
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Figure 2.10.  Atomic P concentration of SiNCs during oxidation.   XP measured by SEM -EDX for P -
doped SiNC of varying XPH3 for samples processed as -produced (squares), after 92 hours of storage 
in N2 purged glovebox (circles), after 116 hours of ambient oxidation (triangles), and subsequently 
etched with HF vapor (inverted triangles).  

 

2.5. PRELIMINARY RESULTS - ALTERNATIVE DOPED GROUP IV NCS 

Encouraged by the observation of LSPR in P-doped SiNC, additional experiments were 

conducted to determine if other materials would exhibit similar properties.  B-doped SiNCs and P-

doped GeNCs were synthesized, however LSPR was not observed in either case.  Following is a 

brief account of the conditions and results acquired during these preliminary experiments. 

2.5.1. B-DOPED SINCS 

The natural extension of observing LSPRs in P-doped SiNCs would be to attempt to measure 

a similar property in B-doped SiNCs.  This was facilitated by already having access to B2H6 

(diluted to 10% in H2), which could easily be added to the Ar:SiH4 plasma, exactly as PH3 was.  
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Furthermore, it has been observed that B has a lower plasma incorporation efficiency, but 

incorporated dopant resides near the core of the particle, in a site more favorable to electrical 

activation.
20

  Measurements of photoluminescent quantum yield for B-doped SiNCs also indicate 

that B is electrically active, as Auger recombination caused by increased charge carrier density 

reduces quantum yield.
20

  Additionally, reports of LSPRs in copper chalcogenides have been 

attributed to vacancy doping giving rise p-type oscillations, indicating ñholeò LSPRs are 

experimentally possible.
35

  In spite of these advantages, maximum B solubility is lower in bulk Si 

than P,
36

 so potential free carrier oscillations would exist at lower wavenumbers, i.e. further 

towards deep IR.  Therefore, even if oscillations were present, they might be difficult to 

characterize due to interference with surface vibrations, low intensity, and lack of a detector with 

a lower wavenumber range (400 cm
-1

).
 

Table 2.2.  Standard synthesis conditions for heavily p -type doped SiNCs  

(2)  
Unit  Value  Notes  

Ar Flow  sccm 14-17 100% 
SiH4 Flow  sccm 0.5 100% 
B2H6 Flow  sccm 0-5 10% in H2 
Pressure  Torr 1.6 actual 

Power  W 110-130 nominal 
Tube Diameter  inch 1 O.D., quartz 

Deposition Time  min 0.5-1 
 

Figure 2.11(a) shows the FTIR spectra for SiNCs synthesized with different nominal B 

doping, defined as XB = [B]/([B]+[Si]) = 2[B2H6]/(2[B2H6]+[SiH4]) to account for two B atoms per 

molecule of B2H6.  Regardless of the amount of B2H6 added to the plasma, no sample exhibited 

LSPR for similar nominal doping concentrations used to synthesize P-doped SiNCs.  However, 

analysis of the resulting material may provide a possible explanation.   

For undoped SiNCs, surface hydride species are obvious from the stretching modes (Si-Si4-x-

Hx at 2138 cm
-1

, 2101 cm
-1

, 2081 cm
-1

 for x = 3,2,1, respectively) and higher order vibrations in 

the 1000-800 cm
-1

 and 750-550 cm
-1

 range.
27

   As B2H6 is added to the plasma new peaks begin 

to emerge, such as the peak at 2530 cm
-1

 which is likely due to Bx-Hy stretching and the peak at 
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1340 cm
-1

 which has been attributed to either amorphous B-H or B-O bonds.
37

  When only B2H6 

(along with H and Ar) are reacted in the plasma, Bx-Hy and amorphous B-H or B-O vibrations are 

also observed, in addition to a small contribution from B-H-B bridging bonds found in the 2070 

cm
-1

 ï 2291 cm
-1

 region.
37

  At low XB, a small peak at 1878 cm
-1

 is observed, and merges into the 

Si-H stretches at higher nominal doping levels.  This peak is attributed to surface stretches of Si-

Bx-Hy.  Upon addition of B2H6 into the plasma, the Si-H stretches are shifted from predominantly 

Si-Si-H3 to Si-Si3-H.  As the amount of B2H6, and thus H used for dilution, is increased even more, 

the hydride stretches return to the Si-Si-H3 configuration.  

 

Figure 2.11.  FTIR and EDX data from B -doped SiNCs.   (a) FTIR spectra for B-doped SiNCs of varying 
XB (normalized and offset for clarity).  (b) ED X-measured XB vs flow -based XB, with straight line fits 
from zero for 100% and 70% incorporation.  

Examination of the B doped SiNCs by EDX and XRD reveals a more complete picture of the 

particle structure.  When only B2H6 (along with H2 and Ar) are reacted in the plasma, the resulting 

material has no diffraction pattern, indicating only the presence of amorphous B compounds.  

Furthermore, mixtures of B2H6 and SiH4 produced XRD patterns in which reflections from 

crystalline Si were only observed, i.e. no crystalline B or Si-B compounds were observed.  

Moreover, the EDX measurements show that in most cases the B is incorporated into the plasma-
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produced powder at almost 70% efficiency, as seen in Figure 2.11(b), and high nominal doping 

results in powder which is 50% B.  This could only be possible if the resulting powder is a mixture 

of doped SiNCs and amorphous B particles.  One possible hypothesis is that at high nominal 

doping ratios needed to saturate SiNCs with enough dopants to observe LSPRs, B2H6 will 

decompose and natively nucleate to preferentially form amorphous B particles instead of act as a 

dopant.  However, when the B2H6 concentration is low enough to avoid native nucleation, the 

activated dopant concentration is too low to support LSPRs.  Until a more suitable B-doping 

precursor can be found for which native nucleation is not a factor, LSPRs from B-doped SiNCs 

will remain elusive. 

2.5.2. P-DOPED GENCS 

A second alternative to P-doped SiNCs would be to dope GeNCs with P.  Similar to P in Si, P 

in Ge is also a shallow n-type donor (Ed = 12 meV)
38

 suggesting P-doped GeNCs may exhibit 

similar electrical properties to P-doped SiNCs.  Furthermore, since Ge has a lower melting 

temperature, thermodynamics would be favorable for incorporated P atoms to settle into 

electrically activated lattice sites, provided similar NC temperatures were attained within the 

plasma.  Again though, the solubility of P in bulk Ge (0.4% at 600 °C) is lower than that of bulk 

Si,
39

 which limits the amount of potential donors available to participate in an oscillation.  To 

synthesize P-doped GeNCs, GeH4 was mixed with PH3 at a nominal ratio of YPH3 = 

[PH3]/([PH3]+[GeH4]) and reacted in the same plasma reactor under similar conditions.  The 

quartz tube was replaced to minimize cross contamination from SiNCs.   
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Table 2.3.  Standard synthesis conditions for n -type doped GeNCs  

(3)  
Unit  Value  Notes  

Ar Flow  sccm 14-17 100% 
GeH4 Flow  sccm 5 10% in Ar 
PH3 Flow  sccm 0-5 15% in H2 
Pressure  Torr 1.6 actual 

Power  W 110-130 nominal 
Tube Diameter  inch 1 O.D., quartz 

Deposition Time  min 0.5-1 
 

In Figure 2.12(a), FTIR spectra are shown for the P-doped GeNCs.  LSPRs were not 

observed under any conditions.  The uneven background in the spectra are attributed to thin film 

interference, and changed depending on the orientation of the substrate in the spectrometer.  

Surface Ge-H stretching vibrations are observed between 1920-2050 cm
-1

.
40

  With increasing 

YPH3, the onset of a peak at 2272 cm
-1

 which is attributed to the Ge-P-H stretch is also observed.  

This is very similar to the vibration attributed to Si-P-H (2275 cm
-1

), and can be understood by 

considering the  reduced mass, mred, of a three-body vibration (AB-C), given as: 
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So for mGe = 72.64 amu, mSi = 28.05 amu, mP = 30.97 amu, and mH = 1.007 amu, then mGeP-H 

= 0.9973 amu and mSiP-H = 0.9901 amu, when only a mono-hydride species is accounted for.  

Since the vibrational frequency of a molecular bond, n, is proportional to the inverse square of 

the reduced mass, if HSiPHGeP mm -- > , then it would follow that HSiPHGeP -- <nn , which is what is 

observed.  Despite this being a crude approximation of the possible surface bonding 

configurations, the position of the peaks appears to be consistent with general theory.  The very 

small reduced mass is due to considering the P-H bond as the source of this vibration, and not 

the Ge-P or Si-P.  XRD was used to confirm Ge crystallinity and size, and rule out other 

germanium phosphide compounds which may have formed with saturated P conditions.  Figure 

2.12(b) shows XRD patterns for increasing YPH3, where only reflections from crystalline Ge are 
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observed.  The reflections broaden with increased PH3 flow, indicating smaller GeNC size, much 

the same as P-doped SiNCs.  All of the P-doped GeNC samples are compared in Figure 2.12(c), 

where the effect of nominal power and nominal doping can be seen.  The exact reason for the 

absence of LSPRs in P-doped GeNCs is still unknown.  PH3 was not observed to natively 

nucleate in an all-PH3 plasma, so the formation of amorphous P particles which become sinks for 

P in the plasma is not likely.  A more plausible hypothesis is that activated dopant incorporation in 

the GeNCs was so low that either the LSPR peak was too deep in the IR to observe, or there 

were not enough free carriers to support an oscillation.  Based on the relative intensity of the 

GeP-H peak compared to the Ge-H peak, more of the GeNCs are covered in surface P stretches, 

possibly indicating enhanced ñself-purificationò of the GeNCs with respect to P and high diffusivity 

of P through Ge.
41

  Instead, aluminum should be doped into Ge; it has a low ionization energy like 

P (Ea = 10 meV)
38

, but instead has a very large maximum solubility (1.1% at 700 °C).
36

 

 

Figure 2.12.  FTIR, XRD, and EDX data from P -doped GeNCs.   (a) FTIR spectra and (b) XRD patterns 
of P-doped GeNCs of varying YPH3 (normalized and offset vertically for clarity).  (c) Bubble plot 
comparing the GeNC diameter me asured from XRD to the nominal power and YPH3.  The color 
mapped points in red correspond to the color mapping in (a) and (b).  The size of the bubbles 
represents the diameter  of the GeNC.  Some bubbles are labeled for reference.  
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3.   DOPED SILICON-GERMANIUM NCS FOR 

THERMOELECTRICS
ÿ
 

3.1. INTRODUCTION 

Thermoelectric materials ï solid state materials which allow for direct conversion between 

heat and electricity ï offer attractive alternatives to heating, cooling, and power generation.  

Thermoelectric devices have no moving parts or working fluid, e.g. R134a, but can recover 

electricity from waste heat and operate with zero greenhouse-gas emissions when coupled with 

renewable energy sources such as wind or solar PV.  Currently, thermoelectric devices have 

found application in deep space power generation, cooling and heating units in automobile seats, 

thermocouple temperature probes, portable beverage coolers, and laser diode cooling.
1
  

Primarily, thermoelectrics have found success in niche applications such as these but have not 

been implemented on larger scales, despite apparent manufacturing and environmental 

advantages compared to other thermodynamic cycles.  Why is this? 

In short, the limiting factor is efficiency.
2
  Most comparable conventional technologies, such 

as vapor power and refrigeration cycles, still outperform the best thermoelectric devices.
1
  The 

efficiency of a thermoelectric material can be related to a dimensionless number known as the 

figure of merit, ZT, which is defined as: 

TZT
k

sa2

=           (3-1) 

for a material with Seebeck coefficient, Ŭ, electrical conductivity, ů, thermal conductivity, ə, and 

absolute temperature, T.  Currently, state-of-the-art thermoelectric materials boast ZT = 1-2,
3
 but 

ZT > 3 has been proposed as the milestone necessary for thermoelectrics to compete with 

conventional thermodynamic cycles on larger scales.
2,4

  Separately, each of the ZT components 

                                            
ÿ
 Portions of this chapter were submitted to the Journal of Physical Chemistry Letters for 

publication under the authorship of David J. Rowe, Tyson Baldridge, Mool C. Gupta, and Uwe 
Kortshagen. 
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ï Ŭ, ů, and ə ï can be engineered over several orders of magnitude for a given material, 

however, the interdependence of these properties creates challenges for increasing ZT.  An 

excellent review by Synder and Toberer details these trade-offs,
5
 which is only summarized here 

for brevity. 

When a material with free carriers is heated on one end, the free carriers will diffuse towards 

the cold end, establishing a charge density gradient and thereby an electric field.  The Seebeck 

coefficient gives a measure of this effect, and is appropriately given units of V/K or ɛV/K for 

voltage developed per applied degree of temperature difference.  In general, the Seebeck 

coefficient for a metal or doped semiconductor is inversely proportional to the carrier density, n, 

such that Ŭ ~ n
-(2/3)
.  However, from Ohmôs law, electrical conductivity is given as ů = nqɛ, for 

electrical charge, q, and carrier mobility, ɛ.  Essentially, as the carrier density increases, so does 

the conductivity, but at the expense of the Seebeck coefficient.  Another tradeoff occurs when 

considering the thermal conductivity, ə, which is comprised of two components, the lattice thermal 

conductivity, əlattice, and the electronic thermal conductivity, əelec, such that ə = əlattice + əelec.  The 

lattice thermal conductivity comes from heat transfer through crystal lattice vibrations known as 

phonons.  For example, glasses are known to have very low əlattice and also have very low ů due 

to their electronic band structure.  Furthermore, əelec is directly proportional to ů, leading to 

another conflicting dependence, i.e. crystalline materials are excellent thermal conductors and 

excellent electrical conductors.  In the end, a very unique material is required for thermoelectrics 

ï a material which transmits electrons (while still maintaining a large Seebeck coefficient) but 

prohibits the transfer of heat through phonons ï a material given the name ñphonon-glass 

electron-crystalò.
6
  Table 3.1 summarizes the symbols and interdependencies discussed above. 
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Table 3.1.  Thermoelectric property descriptions and interdependencies  

Property  Symbol  
ñGoodò 
Crystal  

ñGoodò 
Glass  

ñGoodò 
Thermoelectric  

Interdependency  

Electrical 
conductivity  

ů high low high ů = nqɛ 

Thermal 
conductivity  

ə high low low 
ə = əlattice + əelec 
əelec ~ ů 

Seebeck 
coefficient  

Ŭ high-med med-low high Ŭ ~ n
-(2/3)

 ~ ů
-(2/3)

 

Figure of 
Merit  

ZT low low high TZT
k

sa2

=  

It might appear that creating a phonon-glass electron-crystal requires careful consideration of 

each ZT component simultaneously; however, one component is slightly different than the rest 

and is receiving significant attention in the search for efficient thermoelectrics.  The əlattice has little 

interdependence with the other properties and can be minimized as much as possible without 

competing effects.  This requires disruption of the crystal structure such that phonons are 

scattered efficiently while electrons are transmitted efficiently.  The əlattice can be reduced by 

introducing disorder within the crystal lattice, either through alloying with heavy elements, 

complex crystal structures, or through nano-structuring.
5
  Research focusing on these three 

topics has produced several materials as potential high-performance thermoelectrics, including 

Bi2Te3, Sb2Te3, PbTe, GeTe, SiGe, Th3P4, clathrates, skutterudites, half-Heusler alloys, Ag9TlTe5, 

Tl9BiTe6, Pb2Sb6Te11 to name only a few.  A description of the advantages for each of these 

materials is beyond the scope of this chapter, but is expertly explained in several reviews for the 

interested reader.
2,3,5

  Even with so many candidate materials for high-performance 

thermoelectrics, simple SiGe alloys provide several attractive properties over alternative 

thermoelectric materials.  Firstly, it currently is the best thermoelectric material for high 

temperature ( > 900 °C) applications.
7
  Additionally, since Si and Ge are abundant and two of the 

most common materials in the microelectronics and photovoltaics industries, a vast infrastructure 

already exists for processing.  Furthermore, unlike other materials, SiGe is easily doped n- and p-

type with P and B, respectively, which is a key requirement for producing a functioning 
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thermoelectric generator.  Lastly, the absence of heavy and toxic metals makes SiGe 

environmentally friendly. 

Even with a simple material like SiGe, further development towards high ZT requires creating 

nanostructured materials.  Production of nanostructured SiGe alloys can be accomplished using 

ñbottom-upò approaches such as LPCVD
8
, APCVD

9
 or RF sputtering

10
, however, ñtop-downò 

approaches, which first build the nanostructure and then form it into a bulk material, have had 

greater success.  So far ball milling of Si and Ge, combined with hot pressing, has yielded 

nanostructured thermoelectric materials with very high performance.
11ï13

  This technique 

produces a large distribution of nanoparticle sizes comprised of many grains with a mean 

diameter of d ~ 20 nm.  However, calculations for nanostructured SiGe indicate d < 20 nm for the 

largest reduction in əlattice, due to the grain size approaching that of the phonon mean free path 

length.
14

  In other words, efficient phonon scattering leading to a better ñphonon glassò requires 

grains smaller than the length between phonon collisions.  To this effect, research focusing on 

ñbottom-upò gas phase deposition techniques such as liquid-phase synthesis,
15

 laser pyrolysis
16

 

and plasma synthesis
17ï19

 have successfully demonstrated the production of SiGe nanocrystals 

(SiGeNCs) down to 5-10nm. 

Not only do the aforementioned gas phase synthesis techniques produce reduced grain 

sizes, they also provide an effective method for thin film deposition of thermoelectric materials.  

As mentioned above, ball milling and hot pressing form excellent bulk materials, but are generally 

incompatible with thin film or microprocessing techniques, required for on-chip energy 

harvesting.
20

  Furthermore, gas phase deposition processes match closely with the requirements 

of more advanced thermoelectric materials, such as 2D quantum well deposition
21,22

 and 

modulation doping.
23,24

  In particular, gas phase impaction of NCs holds potential for rapid 

processing of such advanced thermoelectric architectures.
25

  Research from Kortshagenôs group 

indicates that nanoparticle impaction techniques are capable of producing nanoparticle films of 

down to 20 nm in thickness
26,27

 with a density approaching that of the random packing fraction of 
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spheres.  Furthermore, though the production of SiGeNCs from a nonthermal plasma has been 

demonstrated previously, assembly into thin films was not demonstrated.
18

  Despite these 

studies, several unanswered questions exist when considering plasma processed, gas-phase 

impacted SiGeNC films for thermoelectrics.  The quality of the SiGe alloy at the nanoparticle 

scale remains relatively unexplored.  Even though Si and Ge are miscible with each other at 

thermal equilibrium, phase segregation remains a possibility by the use nonthermal plasma 

processing for SiGeNC production.  Additionally, n- and p-type doping are required for fabricating 

a functional thermoelectric device, and to date doped NCs of any type remain challenging to 

synthesize.
28

  Lastly, due to the importance of the grain size in nanostructured thermoelectrics, 

the size effect on alloying and doping in a nonequilibrium process could potentially limit the use of 

SiGeNCs. 

This chapter describes a simple method for producing thin films of SiGeNCs for 

thermoelectrics as part of a collaborative study between the Department of Mechanical 

Engineering at the University of Minnesota (UMN) and the Department of Electrical and Computer 

Engineering at the University of Virginia (UVA).  The alloy composition and doping concentration 

for SiGeNCs synthesized with a nonthermal plasma is characterized using XRD and EDX 

spectroscopy.  Primarily, the composition of Si0.8Ge0.2 was explored since experiment
29

 and 

theory
30

 show that this SiGe ratio provides the optimal thermoelectric properties.  Nevertheless, a 

range of Si1-xGex compositions surrounding x = 0.2 were also explored.  Additionally, dopant 

gases (B2H6 and PH3) were added to the synthesis plasma to study the incorporation efficiency of 

B and P in SiGeNCs.  Using an inertial impaction process to facilitate spray coating directly from 

the gas phase, good quality SiGeNC films were produced with high uniformity and reproducibility,  

crucial characteristics for additional post-processing and thermoelectric property measurement.  

Furthermore, UMN produced films demonstrating the flexibility of the impaction process for 

producing more advanced layered thermoelectric architectures, e.g. 2D quantum wells or 

modulation-doping layers.  UMN engineered the film deposition and performed compositional 

characterization which comprises the majority of this chapter.  Subsequently, the SiGeNC films 



 

47 

were sealed and transferred to UVA where they were laser annealed in an effort to reduce the 

film porosity while maintaining small grain diameter.  Some preliminary results regarding laser 

annealing and property measurement will be reported in the last section, and will be attributed to 

UVA when necessary. 

3.2. EXPERIMENTAL METHODS 

3.2.1. SYNTHESIS OF B- AND P-DOPED SIGENCS 

As described in Chapter 1, a nonthermal, low pressure plasma is used to synthesize 

SiGeNCs.  SiH4 and GeH4 (diluted 10% in Ar) are used as precursor gases.  PH3 (15% diluted in 

H2) or B2H6 (10% diluted in H2) is added to the SiH4:GeH4:Ar mixture to dope the SiGeNCs n- or 

p-type, respectively.  The gas pressure during synthesis is ~ 1.6 Torr and is controlled by Ar gas 

carrier flow.  Table 3.2 outlines typical gas flow conditions for producing highly crystalline 

SiGeNCs.  The composition of the gas flows can be described in an analog to the Si1-x-yGexPy or 

Si1-x-zGexBz ratio by [SiH4]1-a-b[GeH4]a[PH3]b or [SiH4]1-a-c[GeH4]a[B2H6]c where a, b, and c are the 

flow percentages relative to the SiH4 flow rate in the plasma.  With this convention, {a,b,c} can be 

directly compared to {x,y,z} conveniently.  Note that for B2H6, c
* 

indicates the total atomic B 

fraction accounting for the two B atoms per B2H6 molecule.  For subscript notation, these flow 

percentages are given as numbers less than unity, but in plots are given as percentages.  To 

reduce contamination during synthesis, the system is purged three times with N2 and is pumped 

down to a base pressure below < 10 mTorr before gases are introduced.  Films are fabricated by 

passing a substrate (SiO2, SiC, AlN, or Si wafer) through the particle beam formed by a 

rectangular nozzle in the gas flow.  The nozzle used to impact films is a beveled-orifice type, with 

adjustable height and width of 12 mm.  For depositing SiGeNCs the nozzle was set to a width of 

0.61 mm, giving it an aspect ratio of approximately 20.  Substrates are cleaned with acetone, 

isopropanol, and deionized water, and dried with compressed air before loading into the reactor.  

Multiple substrates are loaded into the reactor simultaneously for increased throughput and for 

coating different substrates required for different characterization techniques. 
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Table 3.2.  Standard synthes is conditions for n - or p -type doped SiGeNCs  

 
Unit  Value  Notes  

Ar Flow  sccm 24-26 100% 
SiH4 Flow  sccm 0.75-0.9 100% 
GeH4 Flow  sccm 2.7-3.2 10% in Ar 
PH3 Flow  sccm 0.2-0.5 15% in H2 
B2H6 Flow  sccm 0.25-3.2 10% in H2 
Pressure  Torr 1.6 actual 

Power  W 130 nominal 
Tube Diameter  inch 1.00/0.85 O.D./I.D. - quartz 

Deposition Time  min 4-10 tdep ~ thickness 
Nozzle Dimensions  mm 12 x 0.6 length x width 

 

3.2.2. XRD 

The crystalline diffraction pattern was measured using a Bruker diffractometer with a 2.2 kW 

sealed Cu KŬ x-ray source and a Hi-Star 2-D Area Detector.  Samples were prepared by 

impacting SiNC films directly from the aerosol phase onto glass microscope slides.  Several 

samples were collected per slide and analyzed by targeting the thickest regions of deposition.  

Diffraction patterns were recorded at ambient room conditions.  Samples were measured in 

ñfocusedò mode, where two frames of 30° each were collected, the first being centered at 2ɗ = 

36° and ɤ = 18°, and each for 2-5 minutes, so as to provide a pattern with good signal to noise 

ratio with a 0.8 mm collimator.  The total scan spans 21° < 2ɗ < 81° and is performed in ñcoupledò 

mode.  The mean NC diameter was calculated from the diffraction peak broadening using the 

Scherrer equation.  All scans were corrected for instrumental broadening by recording standard 

full-width half-maximum (FWHM) curves using a lanthanum hexaboride reference material for 

each instrumental configuration. 

3.2.3. SEM/EDX 

SEM was performed using a JEOL 6500 field emission gun electron microscope.  Samples 

were stored in a N2 purged glovebox prior to imaging, and were transferred from the glovebox to 

the microscope as quickly as possible to minimize air exposure.  While in the microscope, EDX 

spectroscopy was performed and the subsequent data was analyzed using a ThermoFisher 

Scientific NORAN System 6 energy dispersive x-ray spectrometer, and x-rays were collected 
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through a polymer-based window by a crystalline Si detector.  Accelerating voltages between 5-

10 kV were used to maximize dead time while minimizing the damage to the sample.  The 

accelerating voltage was also adjusted so that the aluminum layer was not measured, such that 

the electron beam only probed the NC film.  The pulse processor time constant was set to 50 for 

optimal throughput and signal resolution, and the live-time limit was set between 50-150 s for 

sufficient signal to noise ratio.   

3.2.4. FTIR SPECTROSCOPY 

FTIR measurements were done using a Bruker Alpha IR spectrometer equipped with a 

diffuse reflectance accessory with a deuterated triglycine sulfate (DTGS) detector.  All 

measurements were performed in a N2 purged glovebox at room temperature.  Samples were 

prepared by impacting SiGeNC films directly from the aerosol phase onto 1ò x 1ò chips of 

aluminum coated Si wafer, and transferred via a portable load lock, air free, to the glovebox.  A 

bare, clean aluminum coated chip was used as a reference.  All spectra were recorded from  

400 cm
-1

 to 7500 cm
-1

 at 2 cm
-1

 resolution, and averaged over 24 scans. 

3.3. RESULTS & DISCUSSION ï NC COMPOSITION & FILM STRUCTURE 

3.3.1. FILM CHARACTERIZATION ï SIGE ALLOY 

An important feature of a SiGe system is the degree to which the Si and Ge have alloyed 

together.  A true alloy is composed of a homogeneous distribution of one element (Ge) 

throughout the other (Si), with no phase segregation.  Understanding the composition and 

structure of the synthesis produce facilitates interpretation of all the following process results and 

measurements.  Specifically, inhomogeneities throughout the alloy strongly influence the laser 

annealing process.  As one example, since Ge has a much lower melting point than Si, 

segregates of Ge will liquefy and coalesce during annealing before Si is close to its melting point, 

producing a non-uniform and phase segregated material, creating somewhat of a ñpositive-

feedbackò loop.  Considering nanostructured films, the situation becomes even more complex.  

Nanocrystals comprised of phase pure Si or Ge may provide efficient phase-segregation 
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nucleation sites.  Even though Pi et al.
18

 described a process for producing alloyed SiGeNCs, the 

non-equilibrium plasma synthesis does not guarantee perfect Si and Ge distribution throughout 

the NC for a larger range of conditions than reported. 

XRD provides excellent characterization of the phase composition of an alloyed sample, as 

well as information about NC size.  Figure 3.1 shows the first reflection (111) of XRD patterns 

from films comprised of SiGeNCs, SiNCs, GeNCs, and layered structures of Si and Ge NCs.  

Plasma conditions were tuned to produce NCs of ~ 10 nm for each sample to provide comparable 

peak width.  Single phase Si and Ge NCs show a single peak, indicative of the (111) reflection for 

each material.  The layered film comprised of individual layers of Si and Ge NCs with mass ratio 

of 80:20 Si:Ge exhibits a double peak characteristic of the summation of pure SiNCs and pure 

GeNCs.  SEM images of layered films (mass ratio 80:20 and 33:67 Si:Ge) deposited on Al-coated 

Si wafers, and corresponding XRD patterns are shown in Figure 3.2(a-c) to illustrate the clear 

phase segregation and the resulting diffraction pattern from such a material.  The SiGeNC pattern 

shows one single reflection, again indicative of a single, true phase, however shifted centrally 

between phase pure SiNCs and GeNCs.  Based on this, one safely concludes that the alloying 

was successful, and any phase segregation must occur on a length scale smaller than the mean 

diameter of the NCs.  Furthermore, the shift of the peak provides an estimation of the alloy 

composition.  From Figure 3.3, the SiGeNC (111) reflection appears at 2ɗ = 28.233°.  From 

Braggôs law, lq nd =sin2 111 , where n = 1 and ɚ = 0.154059 nm is the Cu KŬ wavelength, the 

interplanar spacing, d111, is estimated as 0.316 nm.  For a cubic lattice, the lattice parameter, a111, 

can be estimated from 222
111111 lkhad ++= where h = k = l = 1 such that a111 = 0.5470 nm.  

Invoking Vegardôs law for alloys, the atomic concentration of Ge, x, can be estimated from

( )SiGeSiGe axxaa -+= 1 , where aSiGe is the measured lattice parameter (a111), and aGe, aSi are the 

lattice parameters for pure Ge and Si, respectively, given as aGe = 0.5658 nm and aSi  = 0.5430 

nm.
31

  Table 3.3 details the structural parameters a and d and how they relate to the experimental 



 

51 

parameter, 2ɗ for each material.  From this, the atomic concentration is estimated as 

Si0.823Ge0.177, which is slightly lower than the gas flow ratio of [SiH4]0.714[GeH4]0.286. 

Table 3.3.  Standard Si and Ge XRD diffraction values and measured* Si1-xGex values for (111) 
reflection.  

 
2ɗ (deg) a (nm)  d (nm)  

Si 28.447 0.5430 0.3135 
Ge 27.278 0.5658 0.3267 

Si1-xGex 28.233* 0.5470 0.3158 

 

Figure 3.1.  Si, Ge, and SiGe NC XRD.   XRD patterns for alloyed SiGeNCs, 80:20 Si:Ge mass ratio 
layered films (GeNCs/SiNCs), pure GeNCs, and pure SiNCs.  The dashed lines indicate the (111) 
reflection for Si and Ge.  
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Figure 3.2.  SiNC and GeNC layered films.   SEM image of layered GeNC/SiNC films deposited on 
gold coated Si wafers, with Si:Ge mass ratio of (a) 80:20, and (b) 33:67.  (c) Corresponding XRD 
patterns for layered films of Si:Ge deposited on glass with mass ratio of 80:20 (black), 67:33 (red), 
50:50 (green), and 33:67(blue).  

To confirm the ratio of Si1-xGex as estimated from XRD data, energy dispersive x-ray 

spectroscopy (EDX) was also performed on the samples.  Figure 3.3(a) shows the EDX spectra 

for the undoped SiGeNC film made with [SiH4]0.714[GeH4]0.286.  Peaks from the KŬ lines for the 

lighter elements such as C, O, and Si, and from the LŬ lines for Ge are all clearly visible when the 

data is plotted as a semi-log.  From this raw intensity of counted x-rays, and knowing x-ray 

absorption cross-sections, the atomic percentages of the elements can be deduced.  It is likely 

the presence of O and C is due to ambient contamination and not a direct result of synthesis 

conditions.  Since this contamination is added to the material after synthesis, it can be 

disregarded in the calculation of atomic Si and Ge ratios.  After accounting for only the Si and Ge, 

we estimate Si0.758Ge0.242, which is in better agreement with the ratio estimate from XRD.  When 

all the samples are analyzed this way, we can estimate the incorporation of Ge in the SiGeNCs 

over all flow conditions.  As shown in Figure 3.3(b), a straight line fit to the data, with the intercept 
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fixed at zero gives us ɖalloy = 0.76 ± 0.20, the incorporation efficiency of Ge into Si.  While this 

also explains the disparity between the XRD measurement of alloy content and the nominal alloy 

content value, the exact reason for decreased Ge is not known.  One explanation could be that 

oxidation of Ge between synthesis and measurement could be affecting the final result.  Since 

GeO2 is soluble in water, residual amounts of water vapor in the air could etch the Ge 

immediately upon removal from the reactor.  However, a more reasonable explanation has to do 

with the flow conditions used for synthesis.  Low flow rates were required for the uniform 

deposition of SiGeNC films, which in turn required that the GeH4 flow controller be operated at 

less than 2% of the full scale.  At low flow rates, thermal-based flow controllers are far less 

accurate and likely lead to an inaccurate reading of actual flow rates.  This uncertainty is 

illustrated in Figure 3.3(b) as the difference between films made under ñidenticalò  

[SiH4]1-a[GeH4]a.  For example, EDX measurements indicate Si1-xGex ratios change by up to 3% in 

films synthesized at a = 28% (small size only).  Unfortunately, increasing the GeH4 flow rates to 

more accurate process ranges leads to increased particle density in the reactor, which in turn 

resulted in uneven film deposition which was unsuitable for further processing.  The size of the 

bubbles in Figure 3.3(b) represents the mean diameter of each sample measured with XRD, and 

illustrates plainly the final composition of the NC depends primarily on the gas flow composition 

and remains independent of the NC size, within a moderate range near Si0.8Ge0.2.  No obvious 

trend was observed for relating composition to the final size of the NC.  These results indicate 

that production of an alloyed SiGe NC requires careful attention to the flow composition but, if 

done properly, appears robust over a range of compositions and NC sizes suitable for 

thermoelectric processing. 
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Figure 3.3.  Si 1-xGex ratio of plasma produced SiGeNCs.   (a) Semi-log EDX spectra for undoped 
SiGeNC films of [SiH 4]0.71[GeH4]0.29, normalized to the Si KŬ peak.  (b) Si1-xGex measured by EDX for 
flow conditions of [SiH 4]1-a[GeH4]a.  Included is a straight line fit to the data, estimating an 
incorporation efficiency, ɖalloy  = 0.76, and a line indicating ɖalloy  = 1 for reference.  The s ize of the 
bubble indicates the size of the NC measured using XRD, and the largest and smallest sizes are 
included for reference.  

 

3.3.2. FILM CHARACTERIZATION ï INCLUSION OF DOPANTS 

The inclusion of dopants into SiGeNCs is crucial as both p- and n-type materials are 

necessary to construct an actual thermoelectric generator.  Likewise, since electrical conductivity, 

thermal conductivity, and Seebeck coefficient are highly dependent on doping concentrations, 

precise knowledge of synthesis conditions conducive for doping is critical when fabricating 

thermoelectric materials.  Chapter 2 elaborated on the challenges associated with NC doping, 

focusing on heavily P-doped SiNCs.  In this section, the conditions required for light B- and P-

doping of SiGeNCs will be investigated and dopant inclusion will be characterized using EDX and 

FTIR.  Table 3.4 provides sample labels, flow conditions, and flow composition in agreement with 

the {a,b,c} convention described previously.  In some cases, additional samples beyond the ones 

described in Table 3.4 were included in some of the plots. 
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Table 3.4.  Doped SiGe samples for EDX and FTIR analysis with precursor flow rates.  

Sample 
Name 

SiH4 
(sccm)  

GeH4 
(sccm)  

PH3 
(sccm)  

B2H6 
(sccm)  

1-a-b or  
1-a-c 

a b c c
* 

SG 0.8 0.32 0 0 0.714 0.286 0 0 0 
SGP1 0.8 0.32 0.015 0 0.705 0.282 0.013 0 0 
SGP2 0.8 0.32 0.030 0 0.695 0.278 0.026 0 0 
SGP3 0.8 0.32 0.045 0 0.687 0.275 0.039 0 0 
SGP4 0.8 0.32 0.060 0 0.678 0.271 0.051 0 0 
SGP5 0.8 0.32 0.075 0 0.669 0.268 0.063 0 0 
SGP6 0.8 0.32 0.090 0 0.661 0.264 0.074 0 0 
SGB1 0.8 0.32 0 0.028 0.697 0.279 0 0.024 0.048 
SGB2 0.8 0.32 0 0.056 0.680 0.272 0 0.048 0.091 
SGB3 0.8 0.32 0 0.084 0.664 0.266 0 0.070 0.130 
SGB4 0.8 0.32 0 0.112 0.649 0.260 0 0.091 0.167 
SGB5 0.8 0.32 0 0.140 0.635 0.254 0 0.111 0.200 

Figure 3.4(a) shows EDX spectra in semi-log representation for P-doped SiGeNCs.  A peak 

at 2.01 keV corresponds to the KŬ line of P and is easily distinguished from the Si KŬ peak at 

1.74 keV.  The P peak clearly grows with increased PH3 flow into the plasma.  The Ge LŬ band 

consists of several transitions which show up as two distinct peaks, a major peak centered near 

1.19 keV, and a minor peak at 1.04 keV, and remains approximately constant with respect to the 

Si peak even as more dopant is added.  The C and O KŬ peaks are also observed in the semi-log 

representation, centered at 0.277 keV and 0.525 keV, respectively.  Contamination from 

environmental exposure leads to C and O presence in the sample and remains a difficult feature 

to eliminate.  Figure 3.4(b) shows the comparison between the atomic P ratio for the flow 

composition and the measured ñas-producedò composition.  For P-doped SiGeNCs, the P 

incorporation efficiency, ɖP = 0.29 ± 0.015, agrees very closely with the impurity incorporation of 

heavily doped SiNCs synthesized in Chapter 2, when fitting the data to a straight line with zero 

intercept.  The bubble size in the plot represents the XRD NC size, and indicates that over this 

small range of doping, the NC size changes very little.  Some samples made at other conditions 

show smaller diameters, but this was accomplished by varying the synthesis pressure and is not 

a direct result of the doping process. 
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Figure 3.4.  Si 1-xGexPy ratio of plasma produced SiGeNCs.   (a) EDX spectra for P -doped SiGeNC 
films, normalized to the Si KŬ peak and shown in log scale.  Spectra are offset vertically for clarity.  
(b) Atomic P ratio, y, measured by EDX for varying PH 3 ratio, b.  Included is a straight line fit to the 
data, estimating an incorporation efficiency, ɖP = 0.29, and a line indicating ɖP = 1 for reference.  The 
size of the bubble indicates the size of the NC measured using XRD, and the largest and smallest 
sizes are included for reference.  The blue shaded bubbles correspond directly to the SGP samples 
plotted in (a).  The grey bubbles indicate additional samples not show in (a).  

On the other hand, the B KŬ line is less easily distinguished at 0.18 keV due to several 

factors.  Firstly, the B KŬ peak resides near the very intense zero-energy peak, making it difficult 

to distinguish.  Secondly, the C KŬ peak also resides very near B, as shown in Figure 3.5(a).  In 

fact, this is a significant source of uncertainty in the measurement of B incorporation due to the 

overlap of B and C integration limits imposed by the NORAN System Six EDX spectrometer.  

During the measurement, the system dynamically adjusts the integration limits, however in all 

cases the B and C regions overlap, i.e. 0.121 ï 0.249 keV for B, 0.195 ï 0.369 keV for C.  

Therefore, even small amounts of C lead to an overestimation of the B concentration.  Hence, 

validation of the B measurement is necessary before interpreting the results properly.  This was 

accomplished by first measuring a standard boron nitride sample to calibrate the instrument 

properties for measuring large concentrations of B, and then with an undoped SiGe sample to 

calibrate to zero B.  The sample was measured at several locations to form a mean concentration 

for the sample.  The analysis from the undoped sample showed 3.5% B, which can be attributed 

to the above errors, and was subsequently subtracted from all other measurements.  The data in 
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Figure 3.5(b) shows that over a fairly large range of c
* 
the integrated B remains approximate 

linear, with a slope indicating ɖB = 0.16 ± 0.010.  This value agrees nicely with the data presented 

in Pi et al.
32

 for B-doped SiNCs, however is about a factor of 2 lower than the value calculated in 

Chapter 2 for the same range of c
*
.  Unfortunately, this discrepancy could be associated with the 

uncertainty in the measurement and would require more statistically relevant data validated with a 

better measurement standard.  Electrical measurements would also provide useful information for 

estimating the true atomic B concentration. 

 

Figure 3.5.  Si 1-xGexBz ratio of plasma produced SiGeNCs.   (a) EDX spectra for B -doped SiGeNC 
films, normalized to the Si KŬ peak and shown in log scale.  Spectra are offset vertically for clarity.  
(b) Atomic B ratio, z, measured by EDX for varying B ratio, c*.  Included is a straight line fit to the 
data, estimating an incorporation efficiency, ɖB = 0.16, and a line indicating ɖB = 1 for reference.  The 
size of the bubble indicates the size of the NC measured using XRD, and the largest and smallest 
sizes are included for reference.  The red shading corresponds to the SGB samples plotted in (a).  

FTIR measurements reveal the arrangement of Si and Ge on the NC surface.  Figure 3.6 

illustrates this concept by comparing the FTIR spectra of several different types of pure, alloyed, 

and doped NCs.  Undoped SiNCs and GeNCs exhibit surface hydride vibration modes common 

to their respective materials.  The FTIR spectrum from SiGeNCs consists roughly of the 

summation of the individual spectra, and Table 3.4 identifies key FTIR peak positions for several 

relevant chemical bonds.  However, three peaks are resolved for the Si-Hx stretching modes, 
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while only two Ge-Hx modes appear at slightly lower wavenumbers.  It is well known that highest 

order Si hydride stretch, Si-Si-H3, can be removed from the surface of SiNCs by heating to low 

temperatures (< 400 °C) in a vacuum or through plasma heating due to large power coupling.
33ï35

  

Already, it appears as though temperatures sufficient for Si-Si-H3 desorption were achieved in the 

plasma due to the reduced peak height at 2136 cm
-1

, therefore it may be concluded that the Ge-

Ge-H3 species was similarly desorbed.  Little information exists in the literature regarding the Ge-

Ge3-x-Hx desorption properties, so this interpretation remains uncorroborated.  From this undoped 

SiGeNC spectra, the fraction of surface sites can be estimated as F = AGe-H/(AGe-H+ASi-H) where 

ASi-H and AGe-H represent the integrated area under the Si and Ge hydride stretches, respectively.  

Curiously, the fraction of Ge surface states estimated in this fashion (F ~ 0.32) is much larger 

than the estimated atomic fraction from EDX measurements (x ~ 0.22).  This result indicates that 

Ge segregates to the surface of the NC; however, since some of the Ge-H vibrations are not 

counted, the actual value of F might be even larger.  Nevertheless, the degree of segregation 

must be fairly small such that XRD does not detect two separate phases. 

Furthermore, FTIR measurements reveal that Si0.8Ge0.2 NCs also exhibit similar spatial 

distributions of dopants as the P- and B-doped SiNCs discussed in Chapter 2, likely in part due to 

the predominant fraction of Si within in the NCs.  For P-doped SiGeNCs, a small, broad peak at 

2279 cm
-1

 (Si-Px-Hy stretch)
36

 appears, almost identical in position and breadth as the same peak 

observed in P-doped SiNCs discussed in Chapter 2.  This indicates that most of the P is likely 

bonded to the Si atoms at the SiGeNC surface instead of the Ge atoms.  If P was evenly 

distributed among the Si and Ge surface atoms, a significant broadening and potential peak shift 

would be observed.  Furthermore, as shown in Figure 3.7(a) the appearance of the peak at  

2279 cm
-1 

corresponds to a relative reduction of the surface Ge-H stretching mode intensity, 

indicating that the P replaces Ge surface atoms, consistent with P segregation to the surface of 

the SiGeNC.  However, the relative increase of the P surface stretch appears insufficient to 

account for the relative decrease in the Ge surface stretches.  To explain this, the effect of the H2 

which dilutes the PH3 must be considered.  As more PH3 (15% in H2) is added to the plasma, the 
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intensity of the Si hydride stretches also increases, indicating a large source of atomic H is 

available in the plasma.  This type of plasma is well-known for etching Si, but may also efficiently 

etch Ge preferentially from the SiGeNC surface.  A literature review for H2 plasma etch rates for 

Ge turned up no results, implying this may be an unexplored phenomena. 

For B-doped SiGeNCs, a feature appears at 1365 cm
-1

 attributable to either amorphous B-H 

or B-O bonds
37

 however a new peak appears at 1840 cm
-1

  which is not identified in the literature.  

This peak also appears in B-doped SiNCs, but not in amorphous B particles.  The peak increases 

with increased B2H6 flow as shown in Figure 3.7(b), and appears at lower wavenumbers than the 

other heavier species stretching modes, indicating that this peak may represent Si-Bx-Hy 

stretching vibrations.  Additionally, B-doped SiGeNCs retain approximately the same distribution 

of Si-H and Ge-H stretches, indicating that the B is either incorporated mainly in the core of the 

SiGeNC or that amorphous B particles form and act as a sink for atomic H.  In fact, the peak at 

1365 cm
-1

 attributed to amorphous B-H peaks also appears in FTIR spectra of particles produced 

with exclusively B2H6 flow, as discussed in Chapter 2.5.1.  Furthermore, the peak at 2560 cm
-1

 

has also been associated with B-H stretching vibrations,
37

 supporting the idea of H absorption by 

amorphous B.  These results indicate dopant incorporation and segregation of B or P from the 

plasma into a SiGeNC is similar in nature to SiNCs. 

Table 3.5.  Selected FTIR peak assignments for P - and B -doped SiGeNCs.  

Species  cm
-1

 Species  cm
-1

 Species  cm
-1

 Species  cm
-1

 

Si-Si3-H 2086 Ge-Ge3-H 1977 a:B-H, B-O 1365 Si-Px-Hy 2279 

Si-Si2-H2 2112 Ge-Ge2-H2 1992 Si-Bx-Hy 1840   

Si-Si-H3 2136 Ge-Ge-H3 --- B2H6 2524   
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Figure 3.6.  FTIR spectra of undoped SiNCs, undoped GeNCs, undoped SiGeNCs, B -doped SiGeNCs, 
and P-doped SiGeNCs.   Peaks are identified in Table 3.5 for a variety of Si, Ge, P, and B species.  
Spectra are normalized and offset vertically for clarity.  

 

Figure 3.7.  FTIR spectra  of P- and B -doped SiGeNCs.  (a) P-doped SiGeNCs and (b) B -doped 
SiGeNCs for ranges of dopant gas flows.  Spectra are normalized and offset vertically for clarity.  
The shading and coloring correspond to data shown in Figs 3.4 -5. 
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3.3.3. UNIFORM THIN FILM REPRODUCIBILITY 

Considerations regarding optimal SiGe alloy ratios and doping concentrations dictate the 

composition and structure of the plasma-produced doped SiGeNCs.  However, optimization of the 

laser-annealing and measurement post-processes requires the reproducible production of 

uniform thin films.  Two keys aspects needed to be controlled: 1) variations within a single film 

should be minimized (intra-film), and 2) variations between different films should be minimized 

(inter-film).  Point 1 is important because small intra-film variations cause difficulties in the laser 

annealing process, such that the laser power necessary to anneal the entire thickness of the film 

needs to be dynamically adjusted.  Since the laser power is adjusted manually and there was no 

way to identify in-situ if the entire film was annealed, variations such as this would be difficult to 

account for.  Furthermore, thickness variations make the calculation of thermoelectric properties 

difficult since most models assume a flat profile with a constant thickness.  Essentially, point 2 is 

important for the same reasons.  Laser annealing conditions optimized for one film should be 

applicable to other films made under the same plasma conditions.  Moreover, to compare 

property measurements, the inter-film variation should be minimal. 

Reducing each type of film variation required two different approaches.  Figure 3.8(a) shows 

a photograph of two films synthesized under identical conditions displaying a prime example of 

inter-film variation.  The right-hand film was fabricated immediately after the left-hand film, and 

the missing region of the film is a shadow from additional substrates loaded on the glass.  In this 

case, the variation resulted from unexpected changes in the synthesis conditions during a single 

deposition.  It is clear to see that the left-hand film has a much thicker edge than the right-hand 

film.  Overall, this would be unacceptable for laser processing.  The pressure of the synthesis 

chamber gradually increased during the four minute deposition required to deposit this film.  This 

is most likely due to the nozzle clogging during a deposition from large amounts of NCs attaching 

to the nozzle walls.  Unfortunately, there is no way to confirm this without in situ visual 

confirmation, as the high-pressure, high-flow N2 purge process required to open the reactor and 
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remove the nozzle for inspection likely blows away any NCs stuck to the nozzle wall.  However, 

two techniques were observed to reduce clogging and reduce inter-film variation.  First, the SiH4 

and GeH4 flow rates can be reduced, leading to reduced NC density and thereby extending the 

usefulness of a clean nozzle.  This technique only works by extending the characteristic time for 

clogging past the required deposition time.  In between depositions, an Ar or N2 puff can be used 

to clear most of the clog.  A better way to reduce clogging is to simply increase the nozzle width.  

A nozzle width below 0.3 mm leads to rapid clogging and pressure changes, however, a nozzle 

width greater than 0.5 mm leads to much more gradual pressure increases during a deposition 

run.  The explanation for this result remains unexplored, but it will likely be related to the gas 

properties and the nozzle wall surface in the smallest region of the nozzle.  A better nozzle would 

have fewer sharp edges, a polished surface, and possibly be treated with a non-stick coating to 

prevent NC attachment.  A byproduct of increasing the nozzle width was a reduction of the intra-

film variation displayed in Figure 3.8(b) as vertical streaking in the films.  These films were 

fabricated by passing the particle beam over a region of the glass, locking it in place, modifying 

the Ar carrier flow in real-time, and then continuing the deposition.  The dark horizontal lines 

represent the location where the sample was locked in place while conditions were modified.  It 

was observed that by changing the Ar flow, the position of the streaks could be changed, 

however no condition was found that eliminated the streaking.  Instead, the position and intensity 

of the streaking decreased by increasing the nozzle width.   
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Figure 3.8.  Doped SiGeNC f ilm deposition variation.   Examples of (a) inter - and (b) intra -film 
variation, and (c) an example of combined inter - and intra -film uniformity.  Vertical streaking is 
observed in (a) and (b), but not in (c).  The dark horizontal lines show where the manual  feedthrough 
stopped while plasma conditions were changed.  

Unfortunately, opening the nozzle to reduce film variation will have a direct impact on the NC 

synthesis by altering the pressure in the synthesis chamber simultaneously.  Since the nozzle 

resides between the plasma reactor and the deposition chamber, and essentially acts as a flow 

throttle, it dramatically impacts the flow conditions in each chamber.  The most general effect of 

increasing the nozzle width is to lower the synthesis pressure, which in turns lowers the residence 

time of NCs in the plasma, leading to smaller NCs.  More subtly, changes in the synthesis 

pressure could lead to significant differences in the NC heating, surface chemistry, and doping 

efficiency.  Therefore, to reduce clogging in the nozzle without drastically changing the nozzle 

geometry, a different approach was used to produce the very uniform films displayed in Figure 

3.8(c).  This film was fabricated when the plasma electrodes were placed near the top of the 

reactor tube, such that the distance between the afterglow of the plasma and the nozzle was in 

excess of 8 inches.  Remarkably, when the electrodes were moved to a lower position, such that 

the distance between the plasma afterglow and the nozzle was virtually eliminated, the film 

structure changed significantly, as shown in Figure 3.9(a,b).  Furthermore, both types of film 
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variation were practically eliminated, and pressure fluctuations during synthesis were reduced 

significantly.  But how could such a simple change in reactor geometry affect such a large change 

in macroscopic and microscopic structure?  It is hypothesized that by reducing the amount of time 

the particles travel between the plasma and nozzle reduces the degree of agglomeration which 

can occur.  Therefore, instead of large, agglomerated clusters flowing through the nozzle and 

impacting, the process more closely follows that of individual particles impacting.  Calculations of 

the Stokes number in the downstream region of the deposition reactor indicate under conditions 

typically measured, single particles are likely too small to impact, and should follow the gas flow 

lines.  This is related to the Stokes drag on a particle, which for a sphere is proportional to the 

particle diameter.  Drag forces on agglomerates roughly scale with some defined measure of 

agglomerate diameter.
38

 In this case, the drag forces are causing the particle to relax to the gas 

flow streamlines, but its inertia is keeping it moving in a straight line, and scales with the diameter 

cubed.  As a result, as the size of the agglomerate increases so does its characteristic stopping 

distance with the square of the diameter (given constant velocity).  Likewise, if larger sized 

particles are assumed in the impaction, then the Stokes number would accurately predict the 

likelihood of impaction.  However, this analysis is based on the assumption of 

particles/agglomerates leaving the nozzle with equal velocity.  Such an assumption would require 

the residence time of the agglomerate within the nozzle to be sufficiently long such that all the 

momentum from the gas flow was coupled to the agglomerate.  Consequently, this momentum 

coupling would be related to the drag force in the same way the stopping distance is.  Suddenly it 

becomes obvious that the impaction process depends heavily on the particle size and shape, and 

in the absence of any information, only qualitative descriptions can be made.  Such an analysis is 

beyond the scope of this thesis and was unnecessary to meet the required design conditions.  

Nonetheless, a better understanding of the relationship between particle agglomeration and 

impaction physics would allow for a more complete and robust thin film deposition process. 
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Figure 3.9.  SiGeNC film structure.   High angle SEM images of SiGeNC films (a) electrodes were 
placed far from impaction nozzle, (b) near impaction no zzle.  (c) Low magnification of (b) where a 
scratch is visible, arrows indicate fracture features found in dense, glassy films.  (d) High 
magnification of (b) shows porous, nanostructure of SiGeNC films.  

More advanced thermoelectric architectures, such as 2D quantum wells and modulation 

doped matrices, require nanostructures of varying composition and structure to be placed at 

precise locations within the bulk of the material.  The layering technique used in Section 3.3.1 to 

produced films with two phases can be taken further with the impaction process as a way to 

engineer nanostructured films which may be suitable for advanced thermoelectrics.  As a 

demonstration of the simplicity involved with this technique, two films were produced with multiple 

layers of Si and Ge NCs (not alloyed here).  Figure 3.10 displays each of these films, with cross-

sections in the inset.  These films were fabricated without ever removing the samples from the 

plasma chamber, and require no special processing for each layer to adhere to its predecessor.  

The porosity of the films induces some unevenness in the layers, but this could be reduced with 

further optimization.  Furthermore, these films were produced without any special metering or 

integrated flow controls.  The addition of a small LabVIEW program to control the gas flows and 

feedthrough linear velocity would significantly improve film quality.  Nevertheless, this illustrates 

the power of such a deposition system, such that doped layers could also be cycled in 
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occasionally to preferentially dope single layers for a modulation doping scheme.  The limiting 

factor would be cross contamination from using a single plasma reactor to process each type of 

NC, which could be eliminated by having multiple synthesis reactors feed into a single deposition 

chamber through multiple nozzles.  Due to time and budget constraints, a next-generation reactor 

such as this was not built, but holds excellent potential for further research. 

    

Figure 3.10.  Layered SiNC/GeNC films.   High angle SEM images of SiNC/GeNC films with (a) 7 and 
(b) 19 alternating layers of SiNCs (darker film) and GeNCs (lighter film).  Inset: cross -section 
showing even spacing of each layer.  Each film was deposited in an Al -coated Si wafer, and the top 
SiNC layer was depo sited extra thick as a barrier layer for oxidation.  The film in (b) can be seen to 
delaminate from the Al with the first SiNC layer cracking away from subsequent layers.  

 

3.4. PRELIMINARY RESULTS ï LASER SINTERING 

After deposition, SiGeNC films were transferred to the University of Virginia (UVA) for 

additional processing by Ph.D. candidate Tyson Baldridge.  ñAs-depositedò films remain relatively 

porous compared to other high-performance nanostructured thermoelectric materials, i.e. greater 

than 95% of the bulk density.  For instance, the SiGeNC film shown in Figure 3.9(b) appears 

dense at one scale (Fig 3.9(c)), but remains porous at the nanoscale (Fig 3.9(d)).  This type of 

porosity advantageously reduces ə, however extremely porous materials also have very low ů.  

Unfortunately, most methods for reducing porosity involve high temperature annealing or high 
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pressure, which tend to also increase the grain size, thereby negating the gains made in reducing 

ə.
14

  Therefore, laser annealing was used to densify the film to reduce the porosity for increased 

ů, while maintaining small grain boundaries without sacrificing ə.  Under the appropriate 

conditions laser annealing can be a very non-equilibrium process, such that the laser light is 

locally absorbed in only the SiGeNC film and local heating reduces out-diffusion of dopants from 

the film.  Additionally, laser annealing is more convenient for in-situ film annealing and could be 

used to build multiple, high density layers from simultaneously impacted and annealed SiGeNCs.  

Our goal was to investigate the viability of laser annealed SiGeNCs as a high-performance 

thermoelectric material as a proof-of-concept.  Included are preliminary results reported from UVA 

regarding laser annealing.  Figure 3.11(a) shows a schematic of the laser annealing system, 

which consists of a 940 nm CW diode laser (Jenoptik JOLD-250-CPXF-2P2) scanned over a 

sample by the use of an x-y stage integrated with a LabVIEW program.  The laser beam yields 

250 W at a spot size of 800 ɛm.  A 600 ampere induction heater surrounding the substrate 

provides additional heating during the laser annealing process.  Figure 3.11(b) shows a film in 

which the laser power is insufficient to cause any noticeable change in the surface structure of 

the film, compared to the film in Figure 3.10(a).  When the power is increased, micrometer-sized 

spheres begin to develop on the surface of the film, as show in Figure 3.11(c).  By optimizing the 

laser power and the dwell time through trial and error, a significant change in the film structure 

was observed, while maintaining a smooth surface, as shown in Figure 3.11(d). 

EDX mapping determined the composition of the spheres which formed under high laser 

power conditions deposited on glass.  As shown in Figure 3.12, Ge shows up only in the spheres 

and not in the surrounding film.  Since very little oxide shows up in the spheres, it can be inferred 

that most of the electron beam is absorbed in the sphere before it reaches the substrate; 

therefore, most of the Si which appears in the spheres is actually alloyed with the segregated Ge.  

Point measurements indicate that the laser annealing drastically changes the chemical 

composition of the sphere to a Ge rich material, ~ Si0.2Ge0.8. 
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Figure 3.11.  Preliminary results of laser annealing collaboration.   (a) Schematic of laser annealing 
process used by Tyson Baldridg e at the University of Virginia , includes a 940nm laser  diode, an 
inductive heater, and a translating stage for scanning the focused laser beam.  (b -d)  SEM images 
taken by Tyson Baldridge of SiGeNC films after laser annealing under conditions of (b) low power, 
(c) high power, and (d) optimal power at low and high magnification.  

 

Figure 3.12.  EDX mapping of laser annealed SiGeNC film.   (upper  left) SEM image of SiGeNC film 
deposited on SiO2 substrate exhibiting significant segregation after laser annealing.  EDX maps of O 
(upper right), Si (lower left), and Ge (lower right).  The dark areas in the Si map are an artifact of the 
measurement from  electron shadowing.  Scale bar equal  for each image.  EDX mapping was 
performed by DJR.  

At this point, several measurements are underway to further characterize the annealed films, 

and evaluate the thermoelectric properties of the finished materials.  Further laser annealing 

optimization is being performed at UVA.  Preliminary results indicate that the choice of substrate 
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dramatically affects the final product.  For instance, Si wafers work well for creating a film which is 

well adhered to the substrate, however electrical measurements become challenging since the 

SiGeNCs and dopants easily diffuse through bulk Si, thereby making the electrical thickness of 

the material difficult to ascertain.  On the other hand, substrates such as AlN and SiC show 

promise if the thermal expansion coefficients can be matched, or annealing-induced strain can be 

reduced.  Nevertheless, the plasma synthesis and gas-phase impaction have been shown to 

deliver good quality films for further densification and processing, providing an excellent platform 

for which to create nanostructured thermoelectric materials.  Furthermore, doping of SiGeNCs 

has been demonstrated for both n- and p-type materials, strengthening the potential for this 

material and process.  More advanced thermoelectric architectures are possible through layering 

of materials, but the full potential of this process will require further experimentation. 
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4.   DOPED SINCS FILMS FOR PHOTOVOLTAICS 
4.1. INTRODUCTION 

4.1.1. NCS & PHOTOVOLTAICS 

In order to surpass the theoretical efficiency limits imposed on single crystal photovoltaic (PV) 

cells while simultaneously providing low cost alternatives to wafer based cells, it is widely 

believed that PV devices exploiting nanoscale structures will pave the way.
1ï4

  At the nanoscale, 

quantum confinement occurs because the size of the NC begins to approach the length scale 

related to the underlying quantum mechanics in the bulk material.  As a result, the materialôs 

optical, mechanical, and electrical properties dramatically change as the materialôs dimensions 

are reduced to the nanoscale.  A consequence of this effect is that the band gap energy in a pure 

semiconductor can be tuned strictly by changing NC size.
5ï8

  This means that by simply changing 

the size of a material, one can change the frequency of light it absorbs.  One way to take 

advantage of this phenomenon is by creating solar cells with layers of material possessing 

varying band gap energies thereby efficiently absorbing different regions of the solar spectrum at 

the same time.  In addition, some NCs exhibit a phenomenon, known as multiple exciton 

generation (MEG).
9
  In essence, for one photon absorbed of twice the band gap energy, two 

excitons are generated instead of one exciton plus thermal relaxation (heat).  Such a mechanism 

could double the generated charge carriers per incoming photon and remains at the forefront of 

PV research.
10ï12

  Calculations have been carried out that suggest MEG could increase the 

maximum PV conversion limit to increase to 38% - 50%, depending on the material.
13,14

  More 

recently, Beard and collaborators claim to observe this phenomenon occurring in Si.
15

  In general, 

observations of such interesting physical phenomena require beginning with high quality and high 

purity materials.  Likewise, rapid and inexpensive deployment of these technologies requires 

materials suitable for thin film deposition as an alternative to using Si wafers.  During Si wafer 

manufacturing, the handling and processing techniques require 300 ɛm ï 500 ɛm thick wafers to 

avoid cracking and damage.  However, calculations predict 29% efficiency could be realized with 
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an 80 ɛm single crystal Si layer,
16

  and 10% efficiency with a 10 ɛm poly-crystalline Si layer.
17

  

Due to the indirect band gap of Si, such a prediction represents a good estimate for the upper 

limit on material thickness.  Moreover, thin film technologies enable flexible substrate processing 

which would even further proliferate the use of PV through increased manufacturing throughput.
18

   

The development of materials which satisfy these criteria requires fabrication methods which 

combine high purity synthesis with rapid thin film deposition.  However, despite widespread 

research interest and numerous synthetic techniques for fabrication, free-standing SiNCs have 

played a limited role in the nanostructured PV literature.  An study published by Kortshagenôs 

group incorporated SiNCs into a conductive polymer to fabricate a hybrid organic solar cell, with 

efficiency as high as 1.15%.
19

  In a different study, researchers used SiNCs from pulverized 

porous Si dispersed in spin on glass (SOG) to fabricate a down-conversion layer for traditional 

solar cells.
20

  The authors claimed that a 1.2% increase in efficiency was observed with the down-

converting layer, as opposed to a SOG layer with no SiNCs embedded.  In another study, 

Greenôs group sputtered alternating layers of n-doped Si rich oxide (SRO) and SiO2 onto a p-

doped Si wafer.
21,22

  They then used a high temperature anneal to precipitate out the NCs, which 

were confined to the resulting SiO2 matrix.  They showed that for a cell made of 15 alternating 

layers of 3 nm of SRO, 2 nm of SiO2, that cells were 10.6% efficient.  In a similar study, the same 

method for fabricating SiNCs was used,
21

  however, a p-i-n structure was used instead in an effort 

to absorb more light in the intrinsic (i) layer.  In this case the SiNCs were precipitated from the p-

doped and n-doped layers during the high temperature anneal.  These cells showed lower 

performance which was attributed to dopant diffusion during the SiNC precipitation process.  In a 

similar study, SiNCs were spontaneously formed during the deposition of Si nitride films from 

PECVD.
23

  The films were grown on p-type Si wafers to create p-n junction solar cells.  SiNC size 

ranged from 3.3 - 4.8 nm depending on deposition conditions.  The study concluded that devices 

did show a slight PV response, but they attributed overall poor performance to the slow carrier 

transport in the Si nitride film due to large distances between SiNCs.  
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Throughout these studies the challenges inherent to processing SiNC films, e.g. low 

deposition rates, small grain size, low electrical conductivity, high processing temperatures, and 

difficulties associated with doping NCs often limited the ultimate solar conversion efficiency.  

Simply replacing a layer of a c-Si solar cell with a SiNC layer will likely not achieve any greater 

efficiency gains.  This is clearly and simply demonstrated by considering the differences in 

performance between a c-Si solar cell (eff = 25%)
24

 and poly-crystalline Si solar cell (eff = 

20.4%)
25

 ï two systems which have been well studied for several years.  To use SiNCs properly 

in a new solar cell structure, factors like quantum confinement effects, low-cost processing, 

doping, and unrealized device architectures must be addressed.  However, a simple device as 

noted above can be used as a testbed for device performance and response during the 

development of doped SiNC films.  Despite modest predicted efficiencies, valuable device 

physics and material properties can be extracted from such a device architecture. 

This chapter details research which develops this testbed by investigating a simple single 

layer SiNC PV device using P-doped SiNCs.  In conventional p-n junction type Si solar cells, a 

thin (~300 nm) heavily n-type doped emitter sits on top of a thick (~300 ɛm) lightly p-type doped 

base layer.  As shown in previous chapters, SiNCs can be doped n-type with P to very large 

concentrations with a plasma synthesis technique.  Therefore replacing the emitter layer of c-Si 

PV device with a P-doped SiNC layer should also produce a solar cell, albeit with much lower 

performance due to the poly-crystalline nature of the material as mentioned above.  Specifically, 

this chapter examines methods for increasing the density of gas-phase impacted SiNC films to 

achieve better electrical transport as emitter layers.  One method involves post-deposition 

annealing as an effort to sinter the SiNCs together to form larger grain sizes and reduce surface 

recombination within the porous SiNC layer.  In a different approach, atomic layer deposition 

(ALD) was used to fill the porous void fraction of SiNC films with a transparent oxide and/or 

subsequently depositing a conductive, transparent top contact.  Hypothetically, the ALD process 

should passivate surface defects and form a more compact, stable layer without the need for high 

temperature annealing or SiNC sintering.  Cross-sectional SEM images identify the resulting 
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structure from multiple top contact deposition and infill methods.  I-V measurements performed on 

the different cells reveal the effectiveness of the densification method.  Some suggestions for 

further research and comments regarding device fabrication and measurement are also provided 

for the next generation of devices.  Finally, the last section presents a fitting model for advanced 

device parameter extraction and identification of non-idealities within the device.  The non-

idealities in the devices impose new models for fitting the PV devices in order to better 

understand the device physics. 

4.1.2. PV PERFORMANCE FUNDAMENTALS 

Before proceeding, a brief description of PV performance characterization will help to clarify 

further discussion and results for those not familiar with PV characterization.  In general, a p-n 

junction can accurately describe many PV devices, and the theory has been thoroughly 

developed for many years with excellent coverage given by Sze.
26

  Very briefly, a p-n junction is 

formed when two oppositely doped semiconductors are brought in mechanical contact with each 

other.  The doping in each material offsets the Fermi energy from the center of the band gap, and 

when the materials come to equilibrium with each other, the Fermi levels align.  This causes the 

conduction and valence band edges to bend, and the region where bending occurs is known as 

the depletion region.  The band bending creates a built-in voltage, Vbi, which is fundamental to 

the operation of a solar cell.  Excitons created from photon excitation are spatially separated from 

each other by Vbi, at which point they can become free carriers and can be used for electrical 

power.  With a few approximations, the p-n junction becomes an ideal diode, and the current-

voltage relation is given by:
27

  

( )1)( -=
TnkqV

odark
beJVJ         (4-1) 

where Jdark is the current density for an non-illuminated junction, Jo is the saturation current 

density, V is the applied bias voltage, kb is Boltzmannôs constant, T is temperature, and n is the 

ideality factor.  For an ideal diode which results from the depletion width approximation, n = 1.  
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Differences from this model lead to n > 1.  Illuminating the junction creates a photocurrent, JL, and 

the resulting current-voltage relationship for an illuminated junction becomes, 

( )1)()( --=-=
TkqV

oLdarkL
beJJVJJVJ      (4-2) 

As can be seen from equation 4-2, JL is assumed constant with respect to V for a given 

material and illumination spectrum.  The goal of most PV materials research is to maximize JL for 

the known solar spectrum.  When V = 0, the second term vanishes, 

scL JJVJ ==)(          (4-3) 

where Jsc is now defined as the short circuit current density.  When J(V) = 0, we can solve for 

V and define it as the open circuit voltage, Voc, such that, 
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It is evident that Voc increases logarithmically with the photocurrent density and the inverse of 

the diode saturation current density.  The diode saturation current density is representative of 

how well the p-n junction forces current in one direction, or in other words, its ñidealnessò.  The 

device properties, Jsc and Voc, are two of the main parameters used in characterizing device 

performance.  The other two are power efficiency, ɖeff, and fill factor, FF.  Power efficiency is 

simply the ratio of the maximum power density from the cell, Pmax, to the power input, Pin, 

inin

eff
P

VJ

P

P maxmaxmax ==h         (4-5) 

The fill factor is simply a ratio that describes how well the maximum power condition fits the 

ideal diode assumption, has a maximum value of 1, and is defined as the following ratio, 
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ocscVJ

VJ
FF maxmax=          (4-6) 

The relation of all these parameters is shown graphically in Figure 4.1.  As can be seen from 

this figure and the above relationships, maximizing Jsc, Voc, and FF all contribute towards 

maximizing ɖeff.  Therefore, these four quantities are the main indicators that will be extracted 

from the I-V curves for each sample. 

 

Figure 4.1.  Hypothetical current -voltage curve for an illuminated p -n junction solar cell with key 
performance parameters identified.  

 

4.2. EXPERIMENTAL METHODS 

4.2.1. DEVICE FABRICATION OF BASE LAYER, SINC LAYER, & BACK CONTACT 

SiNC/crystalline Si heterojunction solar cells were fabricated by impacting P-doped SiNCs 

onto B-doped, single-crystal Si substrates (ɟ = 10-20 ɋ-cm).  The substrates were fabricated from 

a single-side polished wafer, with a thermally grown 300 nm SiO2 layer.  The active area was 

defined by etching a 3 mm x 3 mm window through the SiO2 using 10:1 buffered oxide etch (BOE) 

solution diluted in water.  The SiO2 layer on the back side is removed in the same process.  

Details of the lithography process used to pattern the active area can be found in the appendix 

(section 7.1).  After the lithography process the Si wafer was diced into 1 cm x 1 cm squares with 
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a single device centered on each square.  The back contact was formed using a CHA SEC 600 

electron-beam evaporator to deposit 200 nm of Al at a rate of 0.1 nm/s at room temperature.  

Immediately before Al deposition, the samples were etched again to remove any native SiO2 that 

formed during preparation.  After Al deposition, the Al back contact was annealed at 525 °C for 5 

minutes under forming gas (5% H2 in N2) to form an ohmic contact. 

The SiNC films were produced in a flow-through reactor using a 13.56 MHz capacitively-

coupled nonthermal Ar-SiH4 plasma, as described in previous chapters.  Table 4.1 outlines 

standard synthesis parameters for this work.  Immediately before SiNC deposition, substrates 

were etched in 10:1 BOE solution to remove any native oxide which may have formed during 

processing.  Samples were loaded into the SiNC deposition chamber within a few minutes of 

being etched.  In some instances, the SiNC layer was annealed to high temperatures (> 500 °C) 

under Ar or forming gas (5% H2 in N2) after deposition using a rapid thermal annealing (RTA) 

system.  For these samples, the Al back contact was deposited and annealed after the high 

temperature SiNC anneal.  For samples in which the SiNC layer was not annealed, the Al back 

contact was deposited and annealed before SiNC deposition. 

Table 4.1.  Standard synthesis conditions for P -doped SiNCs for PV devices.  

 
Unit  Value  Notes  

Ar Flow  sccm 14-17 100% 
SiH4 Flow  sccm 0.5 100% 
PH3 Flow  sccm 0-5 15% in H2 
Pressure  Torr 1.0-1.6 actual 

Power  W 110-130 nominal 
Tube Diameter  inch 1/0.85 O.D./I.D, quartz 

Deposition Time  min 0.5-1 
 

 

4.2.2. TOP CONTACT & VOID INFILLING 

The top contact (TC) was fabricated from a transparent conductive oxide via two different 

methods.  In one method, an AJA ATC 2000 rf/dc sputtering system was used to deposit 70 nm 

of indium tin oxide (ITO) at a chamber pressure of 6 mTorr and at sputter power of 250 W, while 

heating to 150 °C, at a rate ~2.3 nm/s.  The ITO target was sputtered in an environment of 20:1 
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Ar:O2 to help create a more stoichiometric ITO layer.  The second method of top contact 

deposition involved using a Cambridge Nanotech, Inc. Savannah series atomic layer deposition 

(ALD) system.  With the ALD system, ~ 70 nm of Al-doped ZnO (AZO) was deposited at 180 °C, 

at a rate of ~ 0.8 nm/s.  This is accomplished by alternating pulses of diethylzinc and water vapor 

to build ZnO layers.  For every 15 cycles of the ZnO precursor, a single trimethylaluminum and 

water vapor cycle was run to dope the ZnO material.  Higher doping levels could be achieved by 

decreasing the number of ZnO cycles between the Al cycle.  The combination of the ZnO and Al 

process was then cycled 28 times to build up 70 nm of AZO. 

To fill the voids in the SiNC layer, the ALD system was run using prolonged pulses such that 

any given pulse is allowed several seconds to saturate and permeate the SiNC matrix before 

being pumped out of the deposition chamber.  This process was run prior to the AZO deposition, 

but during the same run.  Some samples received a 5 nm planar equivalent process of ZnO using 

the aforementioned process, and some samples received a 5 nm planar equivalent HfO2 infill 

process consisting of alternating pulses of tetrakis(dimethylamido)hafnium(IV) and water vapor.  

Generally, the infill process only requires ~ 20 total cycles.  Figure 4.2 illustrates schematics of 

the four architectures studied in this chapter. 

 

Figure 4.2.  SiNC solar cell architectures.   (a) generic architecture showing full stack with 
transparent conductiv e oxide (TCO) for top contact.  (b) sputtered ITO top contact, (c) ALD -
deposited AZO top contact, (d) ZnO infill with AZO top contact, (e) HfO 2 infill with AZO top contact.  
(f) 3D representation of cell showing the active area square underneath the TCO.  
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4.2.3. SEM 

Scanning electron microscopy was performed using a JEOL 6500 field emission gun electron 

microscope.  Samples were stored in a N2 purged glovebox prior to imaging, and were 

transferred from the glovebox to the microscope as quickly as possible to minimize air exposure.  

Samples were cracked using a diamond pen and mounted to a 90° stub for cross-sectional  

(XS-SEM) analysis.  The accelerating voltage was set to ~ 5 kV, and the beam current factor set 

to ~8-9 to avoid charging the sample.  No metallic coatings were used to enhance the imaging. 

4.2.4. XRD 

The crystalline diffraction pattern was measured using a Bruker-AXS microdiffractometer with 

a 2.2-kW sealed Cu x-ray source and a Hi-Star 2-D Area Detector.  Powder samples were 

impacted directly from the gas phase onto a piece of glass for mounting in the instrument, and 

diffraction patterns were recorded at ambient room conditions.  One frame centered at 2ɗ = 36Á 

and ɤ = 18Á was collected for 5-10 minutes, so as to provide a pattern with good signal to noise 

ratio.  The mean NC diameter was estimated from the reflection broadening using the Scherrer 

equation. 

4.2.5. CURRENT-VOLTAGE (I-V) MEASUREMENTS 

The current-voltage (I-V) characteristics of solar cells were measured in air under AM1.5 light 

at an intensity of 100 mW/cm
2
 using a Newport Oriel xenon-arc lamp (P/N 60025) and Keithley 

2611A SourceMeter.  The light intensity power output was calibrated using a thermopile sensing 

probe and a radiant power meter (Newport P/Ns: 70268 and 70260).  A cell is connected via a 

copper contact mounted to a vacuum stage for the back contact, and a single needle-point probe 

for the transparent top contact.  Substantial force is applied to the needle to make good contact to 

the top layer.  The SiO2 layer provides an isolation barrier to prevent the needle from shorting out 

to the Si wafer.  A single scan from -0.5 V to 1.0 V consisting of 401 points is collected with a 50 

ms delay between points. 
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4.3. RESULTS & DISCUSSION ï FILM STRUCTURE & DEVICE PERFORMANCE 

Preliminary experiments on P-doped SiNC films suggest very low electrical conductivity, ů, 

even with the presence of dopant.  Attempts to increase ů by altering the impaction process to 

produce a denser layer only show modest improvement in ů.  For reference, devices fabricated 

from ñas-producedò SiNC films show very low Jsc, which results in low ɖeff (< 0.05%).  As an 

alternative to modifying impaction conditions, post-deposition annealing may cause SiNCs to 

sinter, coalesce, or even melt to form very dense layers with appreciably large ů.  Furthermore, ů 

likely trends with the mean NC grain diameter, as larger grains transport carriers more efficiently 

and possess fewer grain boundaries which scatter or trap carriers.  Using the nonthermal plasma 

synthesis technique to produce SiNCs, the mean NC size can be tuned by adjusting the 

residence time of the SiNCs in the plasma region.  Figures 4.3, 4.4, and 4.5 show the effect of 

annealing on SiNCs of mean diameter of 16, 5.6, and 8.0 nm, respectively. 

Figure 4.3(a) shows a TEM image of spherical free-standing SiNCs produced using low SiH4 

flow rates and very large residence times.  A Gaussian fit to the histogram plotted in Figure 4.3(b) 

predicts SiNCs of 16.0 nm mean diameter (standard dev = 3.8 nm).  Al Gunawan provided the 

TEM image and this author performed the counting statistics using ImageJ software.  When 

impacted on a Si wafer substrate, the film appears fairly smooth as shown in Figure 4.3(c), 

however, the SiNC films exhibit no noticeable change in film structure upon annealing at 

temperatures ranging from 500 ï 1100 °C for 30 s under Ar, as shown in Figures 4.3(d-g). 

Figure 4.4(a) shows XRD patterns from SiNC films prepared under shorter residence times to 

produce smaller NCs.  Using the Scherrer equation, the width of the diffraction peaks estimates 

the mean NC diameter, assuming a single spherical grain for each NC.  Now, annealing smaller 

SiNCs results in dramatic changes in the mean NC size and film structure.  After annealing at 

1100 °C for 30 s under Ar, the NC grains grow by an order of magnitude, and after annealing at 

1200 °C for 15 s under Ar grow to a size larger than the acceptable range for use of the Scherrer 

equation (> 100 nm).  Figures 4.4(b-d) show XS-SEM images illustrating the remarkable change 
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in NC structure.  The un-annealed film appears porous, with individual NCs almost impossible to 

resolve.  The photograph in the inset shows a corresponding PV device, and the active area of 

the PV appears faintly through the brown tint of the SiNCs.  After annealing, the grain size 

increases, and at the highest temperature appears to have melted and wetted to the Si substrate.  

Now the films appear opaque to the naked eye, consistent with an increase in the average 

scattering diameter of the NC grains.  While impressive in appearance, this result agrees with 

previously reported work regarding the size-dependent reduction in the melting point of NCs.
28ï31

 

 

Figure 4. 3.  Densification of thin films made from 16 nm SiNCs.   (a) TEM showing spherical SiNCs 
(TEM image from Al Gunawan) (b) a corresponding h istogram indicating roughly a normal 
distribution  with a mean  diameter  of 16.0 nm and standard deviation 3.8 nm.  XS-SEM images for 
films of SiNCs (c) before annealing, and after annealing to (d) 500 °C, (e) 700 °C, (f) 900 °C, and (g) 
1100 °C.  Scale bar for (c -g) all same.  
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Figure 4. 4.  Densification of thin films made from 5.6 nm SiNcs .  (a) XRD showing patterns for un -
annealed SiNCs with a mean diameter of 5.6 nm, and after annealing to 1100 °C and 1200 °C in an 
RTA under Ar for 15 s and 30 s, respectively.  XS-SEM images for (b) un -annealed SiNCs an d SiNCs 
annealed to (c) 1100 °C and (d) 1200 °C.  Insets show photographs of the corresponding devices.  

The SiNC structure also depends on the annealing environment and the NC surface prior to 

annealing, as shown in Figure 4.5.  Beginning with SiNCs with a mean diameter of 8.0 nm, 

annealing under Ar produced the largest change in NC size, to ~ 20.8 nm.  Figure 4.5(a) shows 

XS-SEM images displaying the change in film structure for different annealing gases.  The 

dramatic grain growth under Ar annealing can be explained by considering the SiNC surface 

during annealing.  Under forming gas, a significant source of atomic H exists such that the SiNC 

always remain in a steady-state of H adsorption/desorption.  This provides a net H coverage on 

the SiNC surface, and very few dangling bonds.  Under Ar annealing, H desorbs rapidly from the 

SiNC surface forming dangling bonds.  These bonds fulfill themselves with dangling bonds on 

nearby NCs, forming a ñneckingò region.  This necking region pulls NCs together and allows for 




























































































































