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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 –  
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 earth’s 

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 material’s properties. 

Impurities can be categorized into two types – 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 “doping” 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 – 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 “pure” 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,

10–12
 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 – a Scopus database search for “silicon nanocrystals” 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 “self-purification” 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.  “Surface doping” has been coined to describe 

how an impurity at the NC surface effectively changes the semiconductor’s 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.
23–26

  Furthermore, co-sputtering a dopant 

target allowed for SiNC doping at least at low dopant concentrations.
23,27–29

  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.
36–40

  

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 (1” O.D. / 0.85” 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 – 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 – gas sources, crossed circles – pneumatic valves controlled by electrical switches, blue 
rectangles – plasma reactors, white bowties – manual valves, black rectangles – mass flow 
controllers, black circles – pressure gauges, green rectangles – 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
‡
 

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
–10

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.
6–10

  Despite silicon’s 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
–10

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 

“THz gap” 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 dopants’ ability to provide free charge carriers.
14

  At high synthesis 

temperatures, “self-purification” may occur, as NCs expel dopant atoms to the surface to lower 

the NCs’ free energy.
15

  At lower temperature, dopant incorporation requires favorable surface 

                                            
‡
 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;
6–9

 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, α, for a sub-wavelength sphere of diameter, d:
1 
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  (2-1) 

where εm is the dielectric constant of the surrounding medium, and the complex dielectric 

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

met, such that the denominator diminishes: 
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If we use the classical Drude model to describe the complex dielectric function, we have: 
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where ε∞ is the high frequency dielectric constant and taken as 11.7 for Si.  Here, the bulk 

plasma frequency is defined as ωp
2
 = Nfce

2
/εome

*
, where e is the electronic charge, me

*
 is the free 

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

Nfc is the free carrier concentration in the SiNCs, and γ 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, ωLSPR into Equation 2-2 we find: 

m

LSPR

p





 2

22

2




  (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 ω = 2πf, 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 energy (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 from 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.
20,22–25
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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 1’ x 1’ 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. 
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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 2θ = 36° and ω = 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 – 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 –OH (~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 εm = 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 (εm = 33) and 

2-octanone (εm = 9.5) were each dispensed (5 μL) 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 εm = 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 lowest 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) corresponding 
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 are 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 between 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 SiNCs (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
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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 “as-produced” SiNCs with 

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

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 Kα and P Kα 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 “as-
produced” SiNCs.  Spectra are offset vertically for clarity.  (c) Estimated XP from SEM-EDX spectra 
for “as produced” 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 
surface 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-temperature 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 (εm=1) and Si (εm=11.7).  If the dielectric constant of the medium is 

taken as that of N2 (εm=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 (εm=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 LSPR data for several P-doped SiNC samples vs. core XP.  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 labeled for 
reference.  The predicted LSPR frequency range formed by assuming εm = 1 (N2) and εm = 11.7 (Si) 
are shown for reference. 

 

2.4. RESULTS & DISCUSSION – 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 (ρSi = 2.33 g/cm
3
) and amorphous SiO2 (ρSiO2 = 2.196 g/cm

3
).  This model imposes mass 

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

“ambient oxidized, pre-etch” in  igure 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 concentration 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 “hole” 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

 – 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) EDX-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: 

















CBA

red

mmm

m
11

1
 (2-7) 

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,  , is proportional to the inverse square of 

the reduced mass, if HSiPHGeP mm   , then it would follow that HSiPHGeP   , 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 “self-purification” 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 measured 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
‡
 

3.1. INTRODUCTION 

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

heat and electricity – 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


 2

           (3-1) 

for a material with Seebeck coefficient, α, electrical conductivity, σ, thermal conductivity, κ, 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 

                                            
‡
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– α, σ, and κ – 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 μV/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 α ~ n
-(2/3)

.  However, from Ohm’s law, electrical conductivity is given as σ = nqμ, for 

electrical charge, q, and carrier mobility, μ.  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, κ, which is comprised of two components, the lattice thermal 

conductivity, κlattice, and the electronic thermal conductivity, κelec, such that κ = κlattice + κelec.  The 

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

phonons.  For example, glasses are known to have very low κlattice and also have very low σ due 

to their electronic band structure.  Furthermore, κelec is directly proportional to σ, 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 

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

prohibits the transfer of heat through phonons – a material given the name “phonon-glass 

electron-crystal”.
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 
“Good” 
Crystal 

“Good” 
Glass 

“Good” 
Thermoelectric 

Interdependency 

Electrical 
conductivity 

σ high low high σ = nqμ 

Thermal 
conductivity 

κ high low low 
κ = κlattice + κelec 

κelec ~ σ 
Seebeck 

coefficient 
α high-med med-low high α ~ n

-(2/3)
 ~ σ

-(2/3)
 

Figure of 
Merit 

ZT low low high TZT


 2

  

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 κlattice 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 κlattice 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 

“bottom-up” approaches such as LPCVD
8
, APCVD

9
 or RF sputtering

10
, however, “top-down” 

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.
11–13

  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 κlattice, 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 “phonon glass” requires 

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

“bottom-up” gas phase deposition techniques such as liquid-phase synthesis,
15

 laser pyrolysis
16

 

and plasma synthesis
17–19

 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 Kortshagen’s 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 
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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 synthesis 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 Kα 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 

“focused” mode, where two frames of 30° each were collected, the first being centered at 2θ = 

36° and ω = 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° < 2θ < 81° and is performed in “coupled” 

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 1” x 1” 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 – NC COMPOSITION & FILM STRUCTURE 

3.3.1. FILM CHARACTERIZATION – 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 “positive-

feedback” 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 2θ = 28.233°.  From 

 ragg’s law,  nd sin2 111 , where n = 1 and λ = 0.154059 nm is the Cu Kα 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  egard’s 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 
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parameter, 2θ 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. 

 
2θ (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 Kα lines for the 

lighter elements such as C, O, and Si, and from the Lα 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 ηalloy = 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 “identical”  

[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.  Si1-xGex ratio of plasma produced SiGeNCs.  (a) Semi-log EDX spectra for undoped 
SiGeNC films of [SiH4]0.71[GeH4]0.29, normalized to the Si Kα peak.  (b) Si1-xGex measured by EDX for 
flow conditions of [SiH4]1-a[GeH4]a.  Included is a straight line fit to the data, estimating an 
incorporation efficiency, ηalloy = 0.76, and a line indicating ηalloy = 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. 

 

3.3.2. FILM CHARACTERIZATION – 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 Kα line of P and is easily distinguished from the Si Kα peak at 

1.74 keV.  The P peak clearly grows with increased PH3 flow into the plasma.  The Ge Lα 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 Kα 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 “as-produced” composition.  For P-doped SiGeNCs, the P 

incorporation efficiency, ηP = 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.  Si1-xGexPy ratio of plasma produced SiGeNCs.  (a) EDX spectra for P-doped SiGeNC 
films, normalized to the Si Kα peak and shown in log scale.  Spectra are offset vertically for clarity.  
(b) Atomic P ratio, y, measured by EDX for varying PH3 ratio, b.  Included is a straight line fit to the 
data, estimating an incorporation efficiency, ηP = 0.29, and a line indicating ηP = 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 Kα line is less easily distinguished at 0.18 keV due to several 

factors.  Firstly, the B Kα peak resides near the very intense zero-energy peak, making it difficult 

to distinguish.  Secondly, the C Kα 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 – 0.249 keV for B, 0.195 – 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 ηB = 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.  Si1-xGexBz ratio of plasma produced SiGeNCs.  (a) EDX spectra for B-doped SiGeNC 
films, normalized to the Si Kα 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, ηB = 0.16, and a line indicating ηB = 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.
33–35

  

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 film 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. 



 

65 

 

Figure 3.9.  SiGeNC film structure.  High angle SEM images of SiGeNC films (a) electrodes were 
placed far from impaction nozzle, (b) near impaction nozzle.  (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 deposited 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 – LASER SINTERING 

After deposition, SiGeNC films were transferred to the University of Virginia (UVA) for 

additional processing by Ph.D. candidate Tyson  aldridge.  “As-deposited” 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 κ, however extremely porous materials also have very low σ.  

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 

κ.
14

  Therefore, laser annealing was used to densify the film to reduce the porosity for increased 

σ, while maintaining small grain boundaries without sacrificing κ.  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 μm.  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 Baldridge 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.
1–4

  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 material’s 

optical, mechanical, and electrical properties dramatically change as the material’s 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.
5–8

  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.
10–12

  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 μm – 500 μm thick wafers to 

avoid cracking and damage.  However, calculations predict 29% efficiency could be realized with 
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an 80 μm single crystal Si layer,
16

  and 10% efficiency with a 10 μm 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 Kortshagen’s 

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, 

Green’s 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

 – 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 μm) 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  oltzmann’s 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 “idealness”.  The 

device properties, Jsc and Voc, are two of the main parameters used in characterizing device 

performance.  The other two are power efficiency, ηeff, 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          (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 ηeff.  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 (ρ = 10-20 Ω-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 conductive oxide (TCO) for top contact.  (b) sputtered ITO top contact, (c) ALD-
deposited AZO top contact, (d) ZnO infill with AZO top contact, (e) HfO2 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 2θ = 36° 

and ω = 18° 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 – FILM STRUCTURE & DEVICE PERFORMANCE 

Preliminary experiments on P-doped SiNC films suggest very low electrical conductivity, σ, 

even with the presence of dopant.  Attempts to increase σ by altering the impaction process to 

produce a denser layer only show modest improvement in σ.  For reference, devices fabricated 

from “as-produced” SiNC films show very low Jsc, which results in low ηeff (< 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 σ.  Furthermore, σ 

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 – 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.
28–31

 

 

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 histogram 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 and 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 “necking” region.  This necking region pulls NCs together and allows for 
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sintering to produce large NC grains.
32,33

   Some samples were etched with 10:1 BOE prior to 

etching.  In the case of Ar and forming gas, the etch process made little difference, but etching 

produced a significant increase in the NC grain size under N2 annealing.  Reactions at the SiNC 

surface with H and N at these temperatures could also explain the reduction in NC growth as 

compared to Ar.  Additional analysis to identify the resulting structure would help further explain 

the melting/sintering mechanisms. 

 

Figure 4.5.  Densification of thin films made from 8.0 nm SiNCs under different annealing 
environments.  (a) SEM series showing SiNC films with ITO top contacts for a variety of annealing 
gas treatments at 1100 °C.  The top row of films were etched in 10:1 BOE before annealing, the 
bottom row of films were not.  Scale bar equal for all SEM images.  (b) Grain sizes as measured by 
XRD for each of the films in (a) including the size for an un-annealed sample. 
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Figure 4.6(a) shows the effect that annealing has on the PV device performance.  The cells 

shown here were sputtered with ITO as a transparent TC.  While device performance basically 

increases with NC grain diameter, the overall performance remained quite low, with ηeff < 0.1% in 

most cases.  A cell which had been annealed to lower temperature (525 °C for 60 min) was also 

included.  Low temperature annealing did not increase the NC size, but the device Jsc exceeds 

that of the forming gas process.  Some “necking” probably occurs leading to a slight increase in 

σ, but not enough to affect the SiNC size.  Low σ still seems to limit the device performance, likely 

a result of high film porosity after annealing.  As the NC grain size increases, so does the pore 

size, as shown in the XS-SEM images.  As a result, the SiNC films maintained their overall 

porosity throughout the annealing process.  After some optimization and increasing the active 

area to the standard 3 mm x 3 mm square, the devices performed as shown in Figure 4.6(b), 

representing the films shown in Figure 4.5.  The low FF and linear response at high forward bias 

indicate that even after optimization, the cells remain largely resistive, likely due to the NC layer 

and its interfaces with the Si wafer and/or the ITO layer.  By passivating the SiNC with additional 

H using a forming gas anneal after the sintering anneal, the performance increases incrementally.  

Table 4.2 outlines the performance parameters for the two cells shown in Figure 4.6(b).  

Performance at this level remains too low for commercialization, and incremental increases only 

appear possible through optimization 
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Figure 4.6.  SiNC PV cell performance with densification via annealing.  (a) I-V characteristics for 
SiNC PV cells fabricated via annealing with an RTA and ITO top contacts.  (b) SiNC PV cell J-V 
characteristics after optimization using an RTA for 30 s at 1100 °C under Ar, and with additional H 
exposure using a forming gas post-anneal (5% H2/N2). 

 

Table 4.2.  Performance parameters for SiNC PV cells in Figure 4.10. 

treatment name 
Voc  

(mV) 
Jsc 

(mA/cm
2
) 

FF 
(-) 

ηeff 

(-) 

30 s 1100 °C, Ar RTA Si94e-1 426 15.6 26.1% 1.74% 

30 s 1100 °C, Ar RTA + 
300 s 600 °C, 5% H2/N2 RTA 

Si94f-1 430 17.8 27.1% 2.07% 

When trying to increase σ of SiNC films through densification, ALD processes provide an 

excellent alternative to high temperature annealing.  Most ALD processes require modest 

temperatures (160 - 250 °C) and vacuum pressures (100 Torr - 100 mTorr), and inherently coat 

surfaces very conformally.  Due to the high conformance, infilling of the pores within the SiNC film 

becomes possible by allowing the ALD precursors to diffuse and penetrate the film.  Furthermore, 

the process can be modified in situ to provide a dopant pulse to produce a transparent top 

contact in addition to the infilling material.  Figure 4.7 shows the J-V curves for several SiNC PV 

cells prepared with different ALD processes, and Table 4.3 reports the corresponding 

performance parameters.  Also included is a cell corresponding to the SiNC film from Figure 

4.4(d) coated with AZO only.  The annealed film displays much higher performance, but required 
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significant thermal annealing.  Although the performance dropped in cells which were not 

annealed, the Jsc remains comparable to that of the cells reported in Figure 4.7, without the need 

for thermal annealing.  Furthermore, by infilling the SiNC films, the FF and Voc improved, 

indicating a better passivation of the SiNC surface.  Overall, the cell response still indicates low σ, 

however, the infilling process still requires significant optimization. 

 

Figure 4.7.  SiNC PV cell performance with densification via ALD infilling.  J-V curves for SiNC PV 
cells under different infilling techniques (HfO2 infill with AZO TC, ZnO infill with AZO TC, and AZO 
only) and one curve representing the performance of a cell corresponding the film in Figure 4.4(d) 
(ZnO infill with AZO TC). 

 

Table 4.3.  Performance parameters for SiNC PV cells in Figure 4.10. 

treatment name 
Voc  

(mV) 
Jsc 

(mA/cm
2
) 

FF 
(-) 

ηeff 

(-) 

no anneal,  
HfO2 infill 

Si180g-1 168 11.8 29.3% 0.58% 

no anneal,  
ZnO infill 

Si177a5-3 240 12.4 26.5% 0.79% 

1200 °C,  
ZnO infill 

176c4-3 430 28.0 29.0% 3.50% 

no anneal,  
AZO only 

Si177a8-2 160 11.9 27.1% 0.51% 
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The XS-SEM images in Figure 4.8 illustrates the effect that ALD has on the infilling of the 

porous SiNC matrix leading to better surface passivation.  Figure 4.8(a) shows a cell where the 

SiNC has not been annealed with a sputtered ITO top contact.  The resulting SiNC films appears 

very porous, and a clear distinction between the SiNC and ITO layers can be made.  However, for 

films which were only coated with ALD AZO and/or ALD infilled with a transparent oxide, the 

resulting structure resembles something much more dense and compact, likely forming a much 

better material for carrier transport.  Some pores remain after the infilling, indicating longer times 

for precursor diffusion may be necessary.  Careful inspection indicates that the films which were 

infilled show slightly fewer pores, although not much difference can be made between ZnO and 

HfO2 infilling.  Figure 4.9 shows the result of attempting ALD infilling with very thick SiNC films.  

The bright, fluffy material near the substrate indicates the ALD precursors did not diffuse to that 

depth of the film.   

 

Figure 4.8.  Emitter layers for p-n junction PV cells from SiNCs.  XS-SEM images of each of the four 
types of cells depicted in Figure 4.2 at the edge of the active area (a) sputtered ITO top contact, (b) 
ALD AZO top contact, (c) ALD infill with ZnO followed by ALD AZO, (d) ALD infill with HfO2 followed 
by ALD AZO.  Scale bar same for all images. 
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Figure 4.9.  Penetration of ALD precursors into thick SiNC films.  XS-SEM images for (a) AZO-only 
deposition, (b) AZO/HfO2 infill, and (c) AZO/ZnO infill.  The porous material near the Si or SiO2 
interface towards the bottom of each image indicates weak penetration for very thick films.  Scale 
bar same for all images. 

Figure 4.10 compiles the performance of all the different infilling techniques.  Furthermore, 

the effect of low doping (XPH3 = 10%), high doping (XPH3 = 50%), and film thickness are included.  

Moreover, some cells were annealed to high temperature before the ALD process to assess any 

improvements over the ITO TC structure.  Briefly, thin films of heavily doped SiNCs produced the 

best PV cells.  When annealed to 1200 °C, the cells surpassed ηeff = 3%, and performed best 

when infilled with ZnO before the AZO deposition.  However, the un-annealed samples hold more 

potential due their lower thermal budget.  In this case, very thin films (requiring only three passes 

through the SiNC impaction beam) performed the best when infilled with HfO2 (despite an outlier 

at 5 passes).  Due to the rapid deposition, determining film thicknesses and deposition rates 

became difficult, however the films in Figure 4.8(b-d) represent 3 passes through the SiNC beam.  

The HfO2 infilled cells showed the best FF while maintaining high ηeff indicating very good SiNC 

surface passivation, possibly due to a thin SiO2 layer forming before HfO attachment. 
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Figure 4.10.  Comprehensive SiNC PV cell performance parameters with annealing and ALD infilling 
and top coating.  Voc, Jsc, FF, and PCE (ηeff) for several SiNC PV cells.  XPH3 indicates the fractional 
PH3 flow rate in the synthesis plasma.  Deposition time (Dep Time) measured in minutes for the 
annealed films, but only integer passes through the particle beam was needed for unannealed films.  
For reference, 3 passes and 15 passes produce the films shown in Figure 4.8(b-d) and Figure 4.9(c), 
respectively.  

Figure 4.11 shows the different top contact layers in contact with bare SiO2.  All deposition 

techniques form very smooth uniform films with bare SiO2, except for some surface roughness 

when AZO is deposited directly without any infilling material.  However, these same processes 

produce vastly different structures when in contact with the SiNC film.  Figure 4.12(a) shows high 

magnification XS-SEM near the interface between ITO and a SiNC film.  The ITO appears to 

nucleate at the SiNC surface, and grow upwards in well-defined grains, in stark contrast to the 

film in Figure 4.11(a).  In the case of AZO, when it comes in contact with a SiNC surface, it forms 
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a nano-“rose” structure shown in  igure 4.12(b), unlike the smoother film shown in  igure 4.11(b).  

This structure has been observed in colloidally-grown ZnO particles,
34

 and CVD-grown ZnO.
35

  

Films infilled with ZnO or HfO2 before AZO deposition appear to maintain a smooth film with the 

same approximate surface roughness as the SiNC film.  However, optical and electrical transport 

through these structures and their respective interfaces remains relatively unstudied, and may be 

significantly impacting device performance.  

 

Figure 4.11.  Top contact deposition in the absence of SiNCs.  XS-SEM images of thin films of top 
contact material and infill material deposited without SiNCs present.  (a) ITO, (b) AZO, (c) AZO over 
HfO2 infill.  Scale bar same for all images. 

 

Figure 4.12.  Top contact film structure on top of SiNC film.  XS-SEM images for films without any 
infilling.  (a) Sputtered ITO in direct contact with SiNCs appears to form small grains which nucleate 
at the SiNC film surface and grow upwards during the deposition.  (b) ALD AZO in direct contact with 
SiNCs appears to form “nano-roses” when viewed in plan view.  Scale bar same for both images. 

Lastly, the type of infill changes the device performance during prolonged ambient exposure.  

Figure 4.13 shows J-V curves for a device with HfO2 infill and one with ZnO infill, and Table 4.4 

compiles the performance parameters for each curve.  After 40 days, the ZnO infill cell shows 
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severe degradation, with every performance parameter decreasing, leading to a ~50% decrease 

in ηeff.  On the other hand, after only 17 days of ambient exposure, the HfO2 infilled cell shows 

increases in each performance category, leading to a ~50% increase in ηeff.  To this point, it has 

been assumed that the ALD process produced stoichiometric HfO2, however most oxides remain 

O deficient after deposition.  However, Hf oxides have been observed to change chemically
36

 and 

electrically
37

 over the course of long periods of ambient exposure.  Therefore, a constantly 

evolving Hf oxide may provide an explanation for the increase in PV cell performance. 

 

Figure 4.13.  SiNC PV cell performance with infilling after several days air exposure.  J-V curves for 
SiNC PV cells measured immediately after fabrication, and after several days of ambient air 
exposure. 

 

Table 4.4.  Performance parameters for SiNC PV cells in Figure 4.12. 

treatment 
air exposure 

(days) 
Voc  

(mV) 
Jsc 

(mA/cm
2
) 

FF 
(-) 

ηeff 

(-) 

no anneal,  
HfO2 infill 

0 183 11.8 26.5% 0.57% 

17 201 15.2 31.5% 0.96% 

no anneal,  
ZnO infill 

0 240 12.4 26.5% 0.79% 
40 171 10.5 24.7% 0.44% 

Using an ALD infill may provide a new alternative to using SiNCs for PV cells.  Within the 

framework of P-doped SiNCs as emitter layers for a Si wafer based cell, significant areas of 
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research remain unexplored.  The chemical, electrical, and optical properties of the oxides have 

barely been optimized, with respect to stoichiometry, thickness, and deposition temperature.  

Furthermore, the robustness offered by ALD allows for the deposition of different oxides (Al2O3, 

SiO2, etc ) possible, as well as other materials such as Si3N4 which is a well-known passivating 

material of Si.  Moreover, the amount of infilling and penetration has yet to be fully explored.  For 

testing of this kind, the simple device proposed here continues to make a good testbed, but future 

iterations could begin to use flexible or inexpensive substrates where separate SiNC layers with 

custom infill materials form multiple layers of an “all-SiNC” P  cell, or even tandem stacked cells.  

Due to the rapid deposition and doping capability of SiNC films, such PV cells could be possible 

in the near future. 

4.4.   RESULTS & DISCUSSION – ADVANCED PARAMETER EXTRACTION 

To further understand the sources of non-ideality in the devices, one can fit the data to a 

modified ideal diode model.  Parasitic resistances alter the shape of the ideal diode curve and 

lower device performance by providing alternative loss mechanisms.  The series resistance, Rs, 

of a cell usually represents the overall material resistivity and any contact resistance between 

layers.  Optimal PV cells exhibit minimum Rs.  Additionally, shunt resistances, Rsh, provide 

alternative pathways for current to flow around the PV junction, and should be maximized to force 

current to flow through the junction.  Carrier recombination in the depletion region can be 

modeled with a second diode, and non-ohmic resistances can be incorporated with a space-

charge limiting component (SCLC) in parallel with Rs.  SCLC behavior is observed in simple 

electrical conductivity measurements of SiNC films at the applied voltage of interest, thereby 

motivating the addition to the model.  To simplify the fitting process further, fitting was only 

performed for the dark current under forward bias (Vd > 0).  Using the genetic algorithm 

implemented through the software Engineering Equation Solver, the fit also included ln(Id) vs Vd 

to accommodate for currents spanning several orders of magnitude.  Use of the genetic algorithm 

and reasonable initial guesses allowed for efficient sampling of the nonlinear solution space to 
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find a global minimum and several fitting procedures were run to ensure convergence.  Equation 

4-7 gives the full set of three equations used to account for the model shown in Figure 4.14. 
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where kbT = 0.025 eV; Id1, Id2, and IRsh are the currents through the injection diode, 

recombination diode, and the shunt resistor, respectively; Io1 and Io2 are the injection and 

recombination saturation currents, respectively; m1,2 are the ideality factors for the diodes; Vj and 

Vb are the voltage drops across the junction and bulk, respectively; and kSCLC and mSCLC are the 

pre-factor and exponent for the SCLC component, respectively.  Similar models have been 

proposed for studying nanocrystalline Si/amorphous Si
38

 and P3HT/n-type c-Si solar cells.
39

 

 

Figure 4.14.  Twin diode model equivalent circuit with parasitic resistances and a space charge 
limited resistor. 

Figure 4.15(a) is a log-log plot of Id vs. Vd, with the light and dark currents plotted linearly in 

the upper inset.  From this plot we extract the solar cell performance parameters: Voc = 419 mV, 

Isc = 0.82 mA, FF = 33.6%, and ηeff = 1.3%.  Inspection of the log-log I-V curve indicates that the 

cell behaves as a non-ideal diode.  Under reverse bias and low forward bias (Vd < 0.2 V), the 

device is limited by Rsh indicated by the linear overlapping forward and reverse bias curves.  

From the dark I-V curve, one can estimate Rsh = dVd/dId = 5.7 kΩ for -0.1 V < Vd < 0 V.  Similarly, 

under high forward bias Rs should dominate so one estimates Rs = 250 Ω for 0.9   < Vd < 1.0 V.  

The data was fit using three versions of the proposed model; a two-diode model with a SCLC 
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(2DSC), two-diode without a SCLC (2Dw, kSCLC = 0), and one-diode with a SCLC (1DSC, Io2 = 0).  

A one-diode model without a SCLC (kSCLC, Io2 = 0) was also used but the resulting fit was 

extremely poor and was thereby immediately ruled out as an acceptable model.  The fitting 

parameters extracted from each model are found in Table 4.5.  Generally, the two diode model 

uses m1 = 1 and m2 = 2, however, larger values have been reported for different heterojunction 

SiNC solar cells
21,38,39

.  These values are consistent with the values extracted from the following 

fitting technique.  These reports attribute the larger ideality factors to charge trapping in the bulk, 

which could be significant in a SiNC film, with a relatively large defect density as compared to 

bulk Si.  Theoretical considerations predict mSCLC = 2 for space charge limiting current in the 

absence of traps, however, values for mSCLC have been reported between 2 - 4 depending on the 

presence of trap states in the semiconductor
39,40

.  From this procedure, one can extract values for 

mSCLC ~ 4.3 for both the 1DSC and 2DSC model.  One obtains close fits with much larger values 

for m1, m2, and mSCLC, however the underlying physics of the model is undetermined and m1, m2, 

and mSCLC only apply as empirical fitting parameters, such as in the case of the ideality factor for 

the recombination diode (m2 = 5.4) in the 2Dw model.  Only under the 2DSC model do the fitting 

parameters lie in a physically meaningful range.  Figure 4.15(b) shows a plot of the experimental 

data and the corresponding fits, as well as deviation plot for each model.  Empirically, all models 

fit the data quite well however the 2DSC model has equal or lower deviation in all regions of 

forward bias compared to the other models.  It is interesting to note that the 2DS model fits with 

very low deviation near the Voc region, even though the fit was done under dark current 

conditions.  Extracted values of Rs and Rsh from the fitting agree closely with values estimated 

from the dark I-V curve slope, regardless of the model used to fit the data.  Unfortunately, the 

2DSC model contains the most terms of all the models, which should naturally make the fit closer 

to the experimental data.  Therefore, the actual accuracy of the model should be taken under 

further consideration.  Extraction of some of the parameters with other methods would further 

validate this model, but has not been attempted thus far. 
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Figure 4.15.  I-V characteristics and fitting results for typical ITO top contact PV cell.  (a) Log-log 
dark current of SiNC/c-Si heterojunction solar cell.  (Inset) Light and dark current plotted linearly of 
same device.  (b) Experimental data (open circles) and fitted data (lines) of equivalent circuits one- 
or two- diode (1D or 2D) and with or without space charge limited component (SC or w).  Deviation of 
current to fit plotted on the right axis.   

 

Table 4.5.  Extracted solar cell parameters from Figure 4.15(b) 

Parameter 1DSC 2Dw 2DSC 

Io1 (A) 2.6x10
-7

 2.8x10
-8

 1.6x10
-9

 
m1 (-) 2.34 1.79 1.38 
Io2 (A) -- 2.8x10

-6
 7.0x10

-7
 

m2 (-) -- 5.44 3.18 
kSCLC (A V

-m
) 6.8x10

-5
 -- 3.2x10

-5
 

mSCLC (-) 4.30 -- 4.41 
Rs (Ω) 204 220 232 
Rsh (Ω) 5821 6274 5970 

std dev (A)* 0.0337 0.0301 0.0295 

Nevertheless, the extracted parameters at least partially indicate that significant charge 

trapping is present in this device.  This is likely due to two factors: (a) surface states and dangling 

bond defects acting as trap states, or (b) interface states between the ITO and SiNC film where a 

Si oxide may have formed.  Partial oxidation of the SiNCs can occur during synthesis due to 

etching of the plasma reactor tube, and such low temperature oxidation can increase the dangling 

bond defect density of the SiNCs, contributing to charge trapping.
41

  Further oxidation and 

contamination are inherent to the ITO sputtering environment due the O present in the sputtering 

plasma to achieve more stoichiometric and conductive ITO.  This leads to the presence of highly 
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reactive O radicals which can rapidly form SiO2 near the surface of the SiNCs.  Charge trapping 

may occur at the oxide/crystalline interface, or within the oxide itself.  As mentioned earlier, 

perhaps ALD processes will provide better interfacial regions to SiNC films for reduced charge 

carrier trapping and increased σ. 
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5.   OXIDATION & DEFECTS – TWO TYPES OF SINC 

INHERENT IMPURITIES
§
 

5.1. INTRODUCTION 

Strictly speaking, a perfectly pure SiNC would consist of only Si atoms and nothing else.  

Realistically, this is certainly not the case.  Depending on the synthesis technique, SiNCs are 

usually covered in a variety of elements and/or molecules, and in some cases are specifically 

engineered as such.  These surface atoms, or states, can be considered as inherent impurities, a 

necessary chemical termination to the SiNC surface.  Even if every non-Si atom is removed from 

the SiNC surface, the unsatisfied chemical bonds which remain either restructure to create a low 

energy surface, or form a different class of inherent impurities commonly known as dangling bond 

defects.  Defects such as these can be located on the NC surface or within the crystalline core, 

causing disruption of the crystalline structure.  However, the surface defects are typically reactive, 

and prefer to fulfill their chemical bonds. 

Of all the possible inherent chemical reactions which can occur at the SiNC surface, oxidation 

represents a ubiquitous mechanism of inherent impurity incorporation which maintains great 

fundamental and technological importance.  For instance, the oxidation of Si surfaces forms the 

basis for metal-oxide-semiconductor (MOS) capacitors and field-effect transistors, key 

components in the microelectronics industry.
1
  Additionally, it is generally understood that surface 

oxides are responsible for water solubility and biocompatibility, which have become essential 

properties for SiNCs since these are increasingly regarded as promising biomaterials.
2–4

  In 

previous investigations of SiNCs fabricated by other techniques, it has been found that oxidation 

and oxide defect states play important roles in SiNC photoemission.
5,6

  Theoretical calculations 

                                            
§
 Parts of this chapter are reproduced with permission from R.N. Pereira, D.J. Rowe, R.J. Anthony, and U. 

Kortshagen, Physical Review B (10.1103/PhysRevB.83.155327, 2011) and (10.1103/PhysRevB.86.085449, 
2012).  Copyright 2011, 2012 American Physical Society. 
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indicate that this could originate from the introduction of intragap energy levels by interfacial Si=O 

bonds
7
 and Si–O–Si surface bridges.

8
 

Oxidation of H-terminated SiNCs can readily take place in air at room temperature,
9–13

 

whereas under pure molecular O atmosphere higher temperatures are required.
14

  Oxidation at 

high temperatures is limited by O diffusion through the oxide layer, a model proposed by Deal 

and Grove in 1965.
15

  However, at room temperature the diffusion coefficient is much too low to 

explain oxidation.  Instead, Cabrera and Mott proposed an oxidation model, in which an electron 

from the Si tunnels through the oxide and is captured by largely electronegative oxidant 

molecules, like O2 or H2O.  This process is shown schematically in Figure 5.1 as starting with step 

[1] through step [5].  [1] An H- or OH- terminated surface is introduced to oxidants such as water 

or molecular O.  [2] Dipolar water molecules induce a charge dipole in a Si-Si bond.  [3] Then, a 

charge from the induced dipole tunnels through the oxide layer and attaches to an oxidant such 

as O2 or H2O.  [4] An image charge is created in the Si due to the newly charged surface species, 

and the resulting dipole creates an electric field that forces the oxidant to drift through the growing 

oxide layer towards the Si/SiO2 interface.  [5] Eventually the O2 molecule inserts itself within the 

Si-Si bond.  As the oxide layer grows, the tunneling probability of an electron through the layer 

decreases exponentially and eventually limits the reaction. 
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Figure 5.1.  Diagram of the Cabrera-Mott mechanism for Si oxidation as applied to SiNCs. 

Although the SiNC core can be virtually defect free, coordination point defects are expected 

to form at the interface between the NC core and an oxide shell.  Two types of interfacial 

paramagnetic defects have recently been detected with electron spin resonance (ESR) in gas-

phase-grown NCs containing an oxide shell.
16

  One was assigned to a structure similar to that of 

the so-called Pb centers in bulk-Si/SiO2 interfaces, i.e., an Si sp3 dangling bond (SiDB) on an 

interfacial Si atom, backbonded to three Si atoms of the Si crystal (Si3≡Si•).
17,18

  The other defect 

was ascribed to a SiDB located in a disordered environment.
16

  Similar defects have been 

previously observed in porous Si samples oxidized in ambient air.
19

  Combined magnetic 

resonance and electrical studies demonstrated that these defects have an adverse impact as 

recombination and charge-trapping centers on the electrical conductivity of SiNC ensembles
20,21

 

and on the efficiency of electronic doping with foreign atoms.
16

  Importantly, degradation of light 

emission from confined excitons in SiNCs has been observed, which was attributed to an 
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oxidation-induced generation of DBs.
9,22

  Earlier theoretical studies indicated that these defects 

are efficient photoluminescence quenchers.
23

 On the other hand, luminescence enhancement 

has been observed after oxidation of SiNCs produced by other methods, which has been 

attributed to an oxidation-induced passivation of DBs.
24–28

  Distinct initial surface passivation and 

oxidation conditions may explain the apparent discrepancy between different studies.  In an 

investigation where the oxidation approach of reducing the NCs size has been explored, the light 

emission of the smaller NCs obtained has been associated with defects,
22

 in line with findings for 

SiNCs embedded in amorphous SiO2
6,29

  and porous Si.
30

  Thus, a consensus has been reached 

that interfacial defects and, in particular, SiDBs strongly influence the (opto) electronic properties 

of SiNC ensembles.  If we are aware of the detailed dynamics and mechanisms of the creation 

and elimination of these defects during oxidation of SiNCs, we will be in a position to minimize 

their negative impact.  Moreover, given the fact that these defects reside essentially at the 

interface between the SiNC core and the growing oxide shell, they are extremely sensitive 

interface probes and therefore provide invaluable insight into interface phenomena involved in 

oxidation of Si surfaces. 

Despite their recognized worth, very few reports exist regarding the association of defects 

with oxidation.  In principle, one could rely on information obtained for H-terminated bulk-Si 

surfaces to infer the behavior of interfacial defects on plasma-synthesized, H-terminated 

SiNCs.
31–37

  However, studies monitoring the evolution of DB interfacial defects upon oxidation of 

H-terminated bulk-Si surfaces have not been reported since the time scale of surface reactions in 

the early oxidation stages is shorter than the time required to acquire enough ESR scans to 

detect interfacial DB centers due to the relatively low density of these defects.  As far as 

theoretical modeling is concerned, existing studies indicate that the Pb centers in bulk-Si/SiO2 

interfaces are a product of the emission of interfacial Si atoms to release strain generated due to 

the formation of Si−O−Si bonds.
36,38

  To date, experimental evidence directly linking the creation 

of Pb defects with the formation of Si−O−Si bridges has been elusive. 
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Previous studies have revealed that Si dangling bonds (SiDBs) have an adverse impact on 

the SiNC properties.
9,16,20,22

  SiDBs act as recombination and trapping centers for electrons and 

holes moving across SiNC superlattices,
20,21

 strongly decreasing the efficiency of electronic 

doping with foreign impurities,
16

 and have been associated with degradation of light emission 

from confined excitons.
9,22

  Improvement of the performance of SiNCs in (photo) electronic 

applications and accomplishment of new applications require the fabrication of SiNCs with very 

low defect content by means of inexpensive and scalable methods.  SiNCs grown from 

microwave plasma-assisted decomposition of SiH4 display typically an order of magnitude 

increase in the interfacial DB density [(5–7)×10
11

 cm
−2

] after surface oxidation in air is completed, 

corresponding to 0.25–0.35 defects per NC for SiNCs of 4 nm size.
16,21

  Subsequently, the defect 

density was reduced by up to one order of magnitude after the SiNCs were subjected to wet 

etching in hydrofluoric acid followed by vacuum heating at 200 °C.
21,39

  Recently, highly efficient 

photoluminescence was observed after alkene functionalization of SiNCs grown with injection of 

additional H2 gas into the afterglow region of a nonthermal RF plasma.
40

  This enhanced 

photoluminescence was correlated with the presence of surface Si-H3 species and a lower 

amount of defects, as suggested from a reduced ESR intensity from SiDBs observed for these 

SiNCs in comparison to SiNCs grown with He or Ar added in the afterglow region instead of H2.  

However, the exact nature of the role the defects plays in oxidation and PL is not yet completely 

understood.  In this chapter, samples produced with a low initial defect density (LIDD) and a 

moderate initial defect density (MIDD) will be studied in order to elucidate dependencies of SiDBs 

on the SiNC oxidation process.  A correlation between initial surface termination, oxidation rate, 

and SiDB density will be discussed in terms of time-dependent ESR and FTIR measurements. 
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5.2. EXPERIMENTAL METHODS 

5.2.1. SYNTHESIS OF UNDOPED SINCS 

SiNCs were synthesized with the reactor described in Chapter 1, under two different 

conditions to yield SiNCs with high photoluminescent quantum yield,
40

 and NCs with completely 

quenched photoluminescence,
41

 after previous experiments correlated high PLQY to low defect 

density.  To fabricate samples with high photoluminescent quantum yield, additional H2 gas was 

injected into the afterglow of the plasma, which had been shown to saturate the surface with H, 

thereby reducing dangling bond defects, and preparing the surface favorably for hydrosilylation.
40

   

From now on, these samples are denoted as LIDD.  Although the absence of H2 injection in the 

plasma afterglow has been shown to decrease photoluminescence significantly after 

hydrosilylation,
40

 it is not possible to eliminate photoluminescence entirely simply by omitting H2 

injection.  Therefore, several other plasma conditions are varied to produce SiNCs with 

completely quenched PL so an obvious comparison could be made, and are now referred to as 

MIDD.  The term “moderate” is in reference to a smaller defect density than observed for SiNCs 

fabricated with a microwave plasma.
16,21

  The conditions and reactor geometries used to produce 

each sample can be found in Table 5.1 and Figure 5.2, respectively.  SiNCs were collected either 

via a mesh filter downstream of the plasma, or via inertial impaction.  Control experiments 

showed that the collection scheme does not significantly affect the NC surface.  Samples were 

kept air free under a dry N2 environment before initial measurements were performed.  After a 

control measurement under no or minimal air exposure, samples were exposed to ambient room 

conditions and allowed to oxidize for 5000 hours. 
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Table 5.1.  Standard synthesis conditions for undoped SiNCs before oxidation 

LIDD SiNCs Condition MIDD SiNCs 

5% SiH4 in He (13 sccm) Precursor gas 100% SiH4 (6 sccm) 
Ar (35 sccm) Carrier gas Ar (200 sccm) 

1.4 Torr Pressure 3.6 Torr 
H2 (100 sccm) Injection gas None 

5.5 mm Internal tube diameter 22 mm 
4.0 nm SiNC diameter 5.5 nm 

yes Observable PL no 

 

Figure 5.2.  Reactor schematics for generating SiNC with low initial defect density (LIDD) and mid 
initial defect density (MIDD).  Upper inset: TEM image of MIDD SiNC.  Lower inset : x-ray diffraction 
data used for estimating the SiNC diameter from the Scherrer equation. 

 

5.2.2. FTIR SPECTROSCOPY 

FTIR measurements were carried out with a N2-purged Nicolet Series II Magna-IR System 

750 spectrometer, equipped with a glowbar light source, a KBr beam splitter, and a mercury-

cadmium-telluride detector.  All absorbance spectra were recorded in diffuse reflection mode at 

room temperature with a resolution of 2 cm
−1

 and averaged over 100 scans.  A bare gold-coated 

Si wafer was used as a reference.  The samples were continuously exposed to air between 
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consecutive measurements.  For FTIR measurements, SiNCs were deposited from the plasma 

via inertial impaction onto gold-coated Si substrates.  To avoid oxidation before the first 

measurement, as-grown SiNCs were transferred under vacuum condition from the synthesis to 

the FTIR spectrometer. 

5.2.3. 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 lightly 

pressed onto a piece of glass substrate for mounting in the instrument, and diffraction patterns 

were recorded at ambient room conditions.  One frame centered at 2θ = 36° and ω = 18° 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. 

5.2.4. ESR 

ESR measurements were performed at room temperature in continuous-wave Bruker 

spectrometers mounted with X-band microwave bridges.  The spin-density measurements were 

calibrated using a diphenylpicrylhydrazyl (DPPH) reference, magnetic field values were measured 

using a nuclear magnetic resonance Teslameter (resolution better than 5×10
−3

 mT), and the 

microwave frequency was measured with a frequency counter with resolution above 10
-5

 GHz.  

Samples were made by filling a small, ESR inactive, suprasil glass capillary tube with a known 

mass of NCs under dry N2.  Both ends of the tube were packed with Teflon tape and sealed with 

epoxy to prevent the unwanted oxidation of the samples.  To initiate oxidation, one end of the 

tube was cleaved and the Teflon packing was removed.  ESR measurements were performed in 

cooperation with Rui Pereira from the Department of Physics and Institute for Nanostructures, 

Nanomodelling, and Nanofabrication at the University of Aveiro, Portugal. 
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5.3. RESULTS AND DISCUSSION 

Figure 5.3(a) compares the ESR spectra of LIDD and MIDD SiNCs recorded within 3 min 

after air exposure.  The spectra show a structured band in the region of g ~ 2, which can be well 

reproduced by a sum of an axially symmetric powder pattern of Lorentzian lines (dashed curves), 

whose linewidths increase linearly from the direction parallel to the symmetry axis to the 

perpendicular direction, and a relatively less intense line with Gaussian shape (dotted curves).  

The two spectral components originate from axially symmetric and isotropic defects with electron 

spin S = 1/2.  The contribution of axial defects is dominant since they always represent more than 

85% of the total number of defects.  The values of g⊥ = 2.0086 and g|| = 2.0019 observed after 

complete oxidation of the NCs (tox > 130 days) are very close to those reported for the Si3≡Si• 

defects in bulk-Si/SiO2 interfaces (Pb centers).
17

  Thus, we assign the axial component of our 

spectra to a Si3≡Si• defect in the interface between the NCs core and the growing oxide shell, 

denoted hereafter P
NC

b to distinguish from the Pb centers in bulk-Si/SiO2 interfaces.  The g value 

observed after complete oxidation for the isotropic spectral component is gD = 2.0053.  This value 

is very close to those typically found for the SiDBs in a disordered environment, which have been 

observed in bulk-Si/SiO2 interfaces,
42

 and in amorphous Si.
43

  Therefore, we assign this spectral 

component to the same type of defect in our SiNCs.  Fig. 5.3(b) shows the ESR spectrum of LIDD 

and MIDD SiNCs recorded after complete oxidation.  After complete oxidation, the spectrum of 

LIDD SiNCs is quite similar qualitatively to that observed for MIDD SiNCs, though the initial 

spectra were significantly different.  After complete oxidation the P
NC

b and D defects represent 

about 85% and 15%, respectively, of the total amount of defects for both the LIDD and MIDD 

SiNCs.  Before oxidation the P
NC

b and D defects represent about 94% and 6%, respectively, of 

the total amount of defects in the MIDD SiNCs.  The situation is inverted for the LIDD SiNCs, 

where the initial ESR band is dominated by the contribution of D defects.  The total defect density 

of 7×10
9
 cm

−2
 recorded before oxidation is also close to the density of D defects [D] = 4×10

9
 cm

−2
 

measured after complete oxidation, which indicates that the increase of the total defect density to 
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the value of 2×10
10

 cm
−2

 is mainly due to the increase of P
NC

b defect density induced by 

oxidation. 

 

Figure 5.3.  SiNC dangling bonds before and after oxidation.  Normalized first-derivative ESR spectra 
for (i) LIDD and (ii) MIDD SiNCs upon (a) initial exposure to air and (b) 130 days of ambient oxidation.  
Solid line indicates total defect density fit, dashed line indicates isotropic D-defect component, and 
dotted indicates axial Pb-defect component. 

Figure 5.4 shows sections of the FTIR spectra of SiNCs recorded for different tox.  In the first 

collected spectrum (within 2 min of air exposure), the spectral region of Si−H modes is dominated 

by a structured band at 2000–2150 cm
−1

 due to Si4−x−Si−Hx (x = 1, 2, 3) surface hydride 

stretching modes,
44,45

 and a doublet observed near 900 cm
−1

 associated with deformation modes 

of Si-Si-H3 and with scissor and wag modes of Si-Si-H2.
44,46

  In the lower energy range a band 

centered at 1045 cm
−1

 is observed, originating from Si−O−Si bridges.
45

  The appearance of a 

small Si−O−Si band, as well as the observation of Pb-type defects as shown in Figure 5.3(a), in 

the as-grown SiNCs is most likely due to a small O contamination of NCs during synthesis.  A 

significant decrease of the hydride band is observed in the spectrum recorded for large tox, while 
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the intensity of the band in the 1000–1250 cm
−1

 spectral region due to Si−O−Si bonds displays a 

strong increase.  These changes are accompanied by the emergence of a line at 2202 cm
−1

 due 

to Si−H stretching in intermediate oxidation states O2−Si−H2 and O2Si−Si−H and a line at 2255 

cm
−1

 from O3−Si−H surface bonds.
13,45,47,48

  The LIDD SiNCs exhibit a pronounced higher-order 

hydride (Si-Si-H3) concentration due to the additional H2 injected into the afterglow of the 

synthesis plasma.  The MIDD SiNCs were not treated with H2 injection and the hydride stretching 

region is similar to that observed by Winters and co-workers,
11

 when their SiNCs synthesized in a 

nonthermal plasma were heated to 400 °C in flight.  This indicates that the particle temperature 

for the MIDD SiNCs remained sufficiently high immediately after synthesis in the plasma 

afterglow for some H desorption to occur.  In the spectra recorded for the LIDD SiNCs after a 

long-time exposure to air (dashed lines), the intensity of the band related to Si-O-Si stretching 

increases strongly with a shape different from that for MIDD SiNCs.  For LIDD SiNCs, the Si-O-Si 

bridging band shifts from 1030 - 1045 cm
−1

 and grows slightly during oxidation.  As the SiNCs 

oxidize, the Si-O-Si band starts to exhibit a higher-frequency shoulder around 1145 cm
−1

, while 

the main peak continues to shift to approximately 1070 cm
−1

. 
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Figure 5.4.  FTIR of oxidizing SiNCs.  FTIR absorbance spectra for LIDD and MIDD SiNCs for times 
corresponding to initial exposure to air, the end of the induction period, and complete oxidation. 

The ESR spectra obtained for the complete range of oxidation times investigated, spanning 

from a few minutes to several months, were fitted with the two-component spectrum, from which 

the SiDB densities and ESR spectral parameters were extracted via double numerical integration.  

The obtained dependence of the SiDB density as a function of tox is depicted in Figure 5.5(a).  An 

initial defect density of 7×10
9
 cm

−2
 is observed for LIDD SiNCs, which remains approximately 

constant over the first 100 h (4.2 days) of air exposure.  This density corresponds to only about 

0.002–0.005 defects per SiNC, or one SiDB per 200–400 SiNCs.  An increase of the defect 

density is observed only for tox > 100 h, followed by saturation at about 2×10
10

 cm
−2

 at tox ≈ 800 h 

(33 days).  For the case of MIDD SiNCs, a defect density decrease to a minimum value of 3×10
10

 

cm
−2

 was observed in the first ∼30 h (1.25 days) of air exposure, after which an increase is 

observed, followed by a saturation at about 5×10
10

 cm
−2

 also at tox ≈ 800 h (33 days).  

The evolution of the intensity of bands from Si-O-Si and Si4−x-Si-Hx, estimated by numerical 

integration of the FTIR spectra in the 995–1350 and 1885–2170 cm
−1

 intervals, respectively, with 
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tox is shown in Figure 5.5(b,c).  After an initial period of time, referred to as the induction period,
31–

33,49
 characterized by nearly no oxidation of the SiNC surface, the oxidation accelerates in a 

logarithmic fashion until it reaches saturation at tox ∼ 800 h.  We have fitted the dependence of 

the Si-O-Si band intensity on tox with the Elovich equation, 
50

 defined as: 








 
m

ox
mmoxm t

t
ttn 1ln)(          (5-1) 

where tox is oxidation time, nm is the amount of reaction products, and λm and tm are reaction rate 

and characteristic time, respectively.  The fitting curves obtained for the LIDD and MIDD samples 

are shown as solid lines in Figures 5.5(b) and 5.5(c), respectively.  From the fittings, we estimate 

a characteristic time tm of 88 h (3.7 days) for LIDD SiNCs and 33 h (1.4 days) for MIDD SiNCs.  

These are indicated as dashed vertical lines in Figure 5.5.  As can be seen, the tm values 

obtained agree very well with the onset of SiDB formation observed for the respective SiNCs, 

providing further support to the conclusion that the creation of interfacial SiDB defects is directly 

linked to the formation of surface Si-O-Si bonds.  First-principles studies of bulk-Si surfaces have 

predicted that strong local stress arises around Si−O−Si bridges formed during oxidation.
51

  To 

release the stress, Si atoms participating in newly formed Si−O−Si bonds are emitted, leaving 

behind a bridge-bond oxygen (BBO) and unsatisfied orbitals at nearest-neighboring Si atoms.  

These dangling orbitals may form bonds between them
51

 or remain unsaturated as Pb 

centers.
36,38

  A slow-fast-slow evolution of Si−O−Si formation with log(tox) has also been reported 

for ambient-air oxidation of bulk-Si surfaces terminated with H, with the initial period of slow 

oxidation, referred to as the induction period, ranging from 3 to 170 h (7 days), depending on the 

Si surface index, air humidity, and the initial amount of residual Si−OH groups at the surface.
31–

33,37,49
  It has been shown for bulk-Si surfaces that the duration of the induction period is shorter 

for higher air humidity and higher density of residual Si−OH groups.
33,37

 

The difference in tm should not result from the differences in size of the NCs in the two 

samples.  In previous studies, shorter induction periods have been observed for nanoparticles 
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(curved Si surface) in comparison to flat surfaces of bulk Si,
52

 due to the increasingly higher 

number of oxidation sites present in increasingly curved surfaces. Thus, the somewhat smaller 

size of the NCs in the LIDD samples would result in a shortened induction period in comparison 

to MIDD SiNCs, which is in clear contrast with our experimental results.  Therefore, the longer 

induction period observed for the LIDD SiNCs should have another origin.  For ambient-air 

oxidation of bulk Si surfaces, values ranging from 3 to 170 h have been found, depending on the 

Si surface index, air humidity, and the initial amount of residual Si-OH groups at the surface.  

According to the Cabrera-Mott mechanism of ambient-air oxidation of bulk Si and SiNC 

surfaces,
10,35,53

 the oxidation is initiated by adsorption of water molecules at surface Si-OH groups 

followed by cleavage of Si-Si backbonds of Si-OH. This is followed by electron transfer from the 

broken bond to an adsorbed O2 molecule, which drifts toward the cleaved bond, leading to the 

oxidation of this bond and of a neighboring Si-Si bond.
35

  The steps prior to the formation of Si-O-

Si take place during the induction period and a larger amount of surface Si-OH groups results in a 

shorter tm.
33,37

  Thus, the large difference in tm observed for LIDD and MIDD SiNCs should 

originate from a smaller surface coverage of the LIDD SiNCs with Si-OH groups.  This is also 

supported by our FTIR data, where we observe the presence of surface Si-OH bonds only for the 

MIDD SiNCs.  The differences observed in the initial behavior of the defect density immediately 

after air exposure between LIDD and MIDD SiNCs may also elucidate this issue.  As mentioned 

above, in the case of MIDD SiNCs an initial decrease of the defect density is observed, which 

could be due to the reaction Si3≡Si•+H2O→Si3≡Si-OH+H, resulting in a coverage of the NC 

surface with Si-OH groups.  This defect density reduction upon air exposure is not observed for 

LIDD, which could indicate a smaller surface contamination in this case. 

The combined ESR and FTIR data enable us to draw the following important conclusions.  In 

the case of LIDD SiNCs, the majority of surface SiDBs present at the newly formed SiNC surface 

are passivated by H2 gas injected into the plasma afterglow, resulting in a very low initial defect 

density (0.002–0.005 defects per NC).  Remarkably, this value is about 30 times lower than that 

observed for H-terminated SiNCs grown from microwave plasma-assisted decomposition of 
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SiH4.
21,39

  The dangling bonds which are present in the as-produced SiNCs are in fact most likely 

located on sites inaccessible to H, i.e., are not located close to the SiNC surface.  This is also 

consistent with the fact that the ESR signal reveals mostly D-defects, as shown in Figure 5.3(a), 

which are typically SiDBs located on internal sites.  Such in-flight passivation of surface SiDBs 

does not take place in MIDD SiNCs, resulting in the considerably larger density of defects 

observed (4×10
10

 cm
−2

) and a markedly different shape of the ESR spectra, due to the presence 

of surface defects of type P
NC

b in addition to the residual internal D-defects [Fig. 5.3(a)].  For 

MIDD SiNCs, the decrease of the intensity of the ESR spectrum during the induction period 

shows that the amount of P
NC

b (superficial) defects decreases.  This decrease has been 

associated with (i) an effective passivation of the defects, via, e.g., the reaction 

Si3≡Si•+H2O→Si3≡Si-OH+H, or (ii) a charge transfer process that changes the valence state of 

the P
NC

b defects to a charged (diamagnetic) state.  The relatively low SiDB density for LIDD 

SiNCs may be understood based on the mechanism (i).  For LIDD SiNCs, the amount of 

superficial P
NC

b defects is negligible and the residual SiDBs present (D-defects) are not 

accessible to H2O.  Therefore, the reaction Si3≡Si•+H2O→Si3≡Si-OH+H does not take place, 

resulting in a quite stable density of SiDBs throughout the entire induction period. 



 

113 

 

Figure 5.5.  Temporal evolution for LIDD and MIDD SiNCs.  (a) total defect density and (b-c) 
integrated FTIR absorbance for characteristic bands for Si-O-Si bridging bonds and surface H 
stretching bonds.  Dashed vertical lines represent induction time, tm, for each sample. 

The ESR data can also elucidate the differences in the time evolution of the Si-O-Si band as 

measured in FTIR spectroscopy.  In the LIDD sample, the low-frequency peak shifts to higher 

energy and increases in intensity, consistent with increasing stoichiometry of the surface Si oxide.  

For the MIDD sample, a growth and shift of the main peak similar to those observed for the LIDD 

SiNCs is observed during the induction period.  However, after the induction period the higher-

frequency shoulder gradually overtakes the peak initially at 1026 cm
−1

.  Similar behavior is 

observed in the literature and is attributed to two mechanisms: (1) for changes in stoichiometry 

the main O peak shifts towards higher wave numbers, saturating at ∼ 1078.5 cm
−1

 for the 

stoichiometric SiO2,
54

 and (2) for thin films of SiO2 a similar shift and shoulder appearance is 
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attributed to localized compressive stress and SiO2 restructuring.
55

  It is reasonable to conclude 

that a complete oxide monolayer does not form until the end of the induction period and the onset 

of defect creation.  Then, as the oxide layer grows, additional O incorporation causes 

compressive stress to form in the surface layer, which is consistent with the appearance of the 

high-frequency shoulder in the Si-O-Si band.  For the MIDD SiNCs, more initial defects lead to 

more sites available for O incorporation and a larger amount of disorder in the oxide layer.  This 

causes a much larger compressive stress to form, even though the defect creation rate remains 

the same as that of the LIDD sample, consistent with the much larger and dominant high-

frequency shoulder in the Si-O-Si band of the MIDD sample. 
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6. CONCLUDING REMARKS 

The thesis highlighted the motivation to understand semiconductor NC impurities, the 

challenges involved in studying such material systems, and the technology employed to do so.  

Chapter 1 provided a general summary of SiNC synthesis techniques while identifying the 

advantages for using a capacitively-coupled, low pressure, RF nonthermal plasma for SiNC 

synthesis.  Chapters 2-4 focused on the intentional addition of impurities, and Chapter 5 

discussed inherent impurities in the form of dangling bond defects and oxidation.   

Chapter 2 concentrated on the synthesis and characterization of highly P-doped SiNCs 

exhibiting LSPR in the mid-IR (400 – 2500 cm
-1

).  This was the first demonstration of SiNCs 

displaying LSPR despite silicon’s importance in a variety of applications.  The chapter explained 

that extremely high concentrations of PH3 within the synthesis plasma are required for sufficient 

electrically active dopant incorporation within the SiNC, upwards of XPH3 ~ 50%.  These results 

agree with previous reports indicating the difficulty associated with NC doping due to dopant 

segregation to the NC surface.  It was found that only about 10% of the dopant delivered to the 

plasma resides in the NC core, and a fraction of that became electrically active.  Interfacial 

scattering, particle-particle interactions, dielectric medium interactions, and trapped free carriers 

were identified to explain the reduced experimental LSPR frequency compared to theoretical 

predicted frequencies. 

Chapter 3 explained the synthesis of doped SiGeNC alloys for thermoelectric applications.  It 

was shown that NCs could be truly alloyed such that only a single phase is identified using XRD, 

and that by invoking  egard’s law, the composition of the SiGeNC matches nicely with the flow 

ratio of the semiconductor precursors in the plasma.  Furthermore, P- and B-doping incorporation 

was measured using EDX, with doping incorporation efficiency of P and B from the plasma 

precursors to the NC of 29% and 16%, respectively.  A NC impaction process was used for thin 

film deposition and was shown to produce very uniform and reproducible films for subsequent 
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post-processing and thermoelectric property measurement.  The impaction process may also be 

used to produced layered films of any phase material and has been proposed as a convenient 

method for fabricating advanced nanostructured thermoelectric devices. 

Chapter 4 described research using P-doped SiNCs to form emitter layers for pn-junction 

type solar cells with a c-Si wafer base.  Important aspects of this research include; NC film post 

processing, e.g. annealing, etching, infilling; photovoltaic device fabrication; and optical 

characterization.  High temperature annealing processes sintered or melted the NC films 

producing solar cells with large Jsc but fairly low η (2-4%) due to poor fill factors and low Voc.  NC 

films infilled with a dielectric by means of ALD showed η ~1% without the need for any high 

temperature annealing.  The ALD infill process worked best with an HfO2 infill followed by an AZO 

top coat which also acted as the transparent top contact of a pn-junction cell.  Lastly, a two-diode 

pn-junction model with parasitic resistances including a space charge limited component was 

proposed to explain the large non-idealities and I-V characteristics of these cells.  

Chapter 5 examined dangling bond defect evolution during oxidation of SiNCs using EPR and 

FTIR.  The oxidation rates of SiNCs was found to be extremely dependent on the initial Si-DB 

density, with large Si-DB densities leading to more rapid oxidation.  The Si-DB density could be 

correlated to the type of H surface coverage of the SiNCs, with the appearance of more Si-Si-H3 

surface bonds linked to lower Si-DB density.  The addition of Si-Si-H3 species was accomplished 

by injecting H2 into the plasma afterglow.  It was shown that by using H2 injection, SiNCs could be 

produced with extremely low Si-DB densities, ~ 1 EPR-active Si-DB per 100 SiNCs. 
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8.   APPENDICES 
8.1. SUBSTRATE PREPARATION AND DEVICE FABRICATION 

8.1.1. SINGLE NC LAYER SOLAR CELLS 

The following is the process used in the UMN Nanofabrication Center to prepare the solar cell 
substrates used in Chapter 4 for single NC layer devices.  It has been adapted and modified from 
a process developed by Zachary Holman. 

1. Begin by cleaning a 100 mm, lightly-doped (1-10 Ω-cm) Si wafer with 300 nm oxide 
layer, using an acetone-methanol-isopropanol-DI water rinse cycle (2x) then drying 
with compressed N2. 

2.  Prebake wafer to > 100 °C for 2 min to remove excess water. 

3. Spin coat HDMS at 5000 rpm for 40 s. 

a. Start with spin speed at 0 rpms to avoid wafer damage. 

b. Ensure wafer is centered and held to chuck before ramping speed. 

4. Spin photoresist S1813 at 5000 rpm for 40 s. 

5. Soft bake at 115 °C for 2 min. 

6. Expose using following conditions: 4 s, hard contact, alignment gap = 20 μm.  Follow 
standard aligner/exposure procedure, making sure mask is inserted with the metallic 
side towards the substrate.  Two masks are available for different active area 
windows, a 3 mm x 3 mm, and a 300 μm x 300 μm. 

7. Develop in CD-26 for 45 s, rinse and dry immediately.  Active area should be clear. 

8. Bake at 125 °C for 2 min. 

9. Etch in 10:1 buffered oxide etch (BOE) for 8 min to remove oxide from active area. 

10. Immediately rinse in DI water, place in rinse bath, and dry with compressed N2. 

11. Two cycles in solvent baths to remove remaining photoresist 

12. Evaporate 200 nm (2 Å/s) of aluminum on unpolished side for back-side contact, 
using e-beam evaporator.  In some experiments where the NC layer was annealed to 
high temperature, it was necessary to add the back contact as the last step.  In this 
case, the entire device should be etched in BOE for a very short period of time to 
remove as much native oxidation without removing the NC layer.  This should be 
dome immediately prior to metal deposition. 

13. Immediately before NC deposition, etch native oxide from active area by placing in 
10:1 BOE for 30 s.  Rinse with DI water immediately, and load into deposition 
chamber as quickly as possible. 

14. After NC layer deposition and processing, top contacts were deposited in one of two 
ways: 

a. Sputter deposition of 60 nm of ITO at 5 mTorr under 20:1 Ar:O flows at 180 
°C substrate temperature. 

b. Atomic layer deposition of 100nm of Al:ZnO (20:1) at 180 °C.  



 

128 

8.1.2. CONDUCTIVITY MEASUREMENTS 

The following is the “lift-off” process used to fabricate the interdigitated electrodes on glass 
substrates for conductivity measurements.  Reduce baking times from 5 min to 2 min to convert 
process to one using Si wafers.  It has been adapted and modified from a process developed by 
Zachary Holman. 

1. Begin with a 100 mm glass wafer, and clean using an acetone-methanol-isopropanol-
DI water rinse cycle (2x) then drying with compressed N2. 

2. Treat glass wafer with ozone plasma for five minutes if additional organic cleaning is 
desired. 

3. Prebake wafer to > 100 °C for 5 min to remove excess water. 

4. Spin lift-off resist (LOR 3A) at 5000 rpm for 40 s. 

5. Soft bake at 190 °C for 5 min.  Set hot plate to temp before adding wafer. 

6. Let wafer cool, then spin photoresist S1813 at 5000 rpm for 40 s. 

7. Soft bake at 115 °C for 2 min only. 

8. Expose using following conditions: 4 s, hard contact, alignment gap = 20 μm.  Follow 
standard aligner/exposure procedure, making sure mask is inserted with the metallic 
side towards the substrate. 

9. Develop in CD-26 for 45 s to remove S1813, rinse with DI water, dry with 
compressed N2. 

10. Check features using microscope.  If necessary to start over, begin with step 1. 

11. Bake at 125 °C for 5 min. 

12. Develop in CD-26 for 15 s to remove LOR-3A, rinse with DI water, dry with 
compressed N2. 

13. Check features using microscope.  If necessary to start over, begin with step 1. 

14. Evaporate 100 nm (2 Å/s) of aluminum using e-beam evaporator. 

15. Soak in photoresist stripper 1165 overnight to gently remove lift-off layer.  Sometimes 
heating to 60 °C or gentle sonication will help in generating sharper and less 
damaged features. 

16. Check features using microscope to ensure lift-off worked properly. 
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8.2. SCIENTIFIC “EXCURSIONS” IN NANOPARTICLE TECHNOLOGY 

This appendix outlines several short, preliminary, or unfinished scientific investigations I 
have undertaken while pursuing my degree.  While not directly related to my thesis research, I felt 
the inclusion of the results obtained from this work was important enough to be documented in 
case such a topic would be revisited by another researcher. 

 

8.3. INKJET PRINTING (IP) 

8.3.1. BACKGROUND 

Development of liquid-phase deposition techniques for nanoscale materials is necessary to 
enable roll-to-roll processing or flexible/inexpensive substrate technologies.  Drop casting is 
relatively crude compared to other techniques, but is favored in some small-scale laboratory 
applications and to study the drying kinetics of simple colloidal systems.  Spin coating is typically 
used to deposit photoresists during photolithography procedures, as the film thickness can be 
easily correlated to spin speed and time.  For this reason, researchers have looked into spin-
coating as a way to deposit colloidal dispersions of SiNCs.

1–3
  Even though many commercial 

systems for spin coating exist, and repeatable procedures have been established, spin coating is 
still limited to smaller samples, as high rotational speeds require even balancing of the sample.  
Si and glass wafers work well, up to around 6 inches in diameter.  Processing is limited to 
batches, and much of the liquid initially applied to the substrate is spun off, in order to get 
complete, even coverage.  As an alternative, techniques for colloidal NC deposition, such as 
transfer printing,

4
 screen printing,

5,6
 and mist deposition

7,8
 are being investigated for applications 

that require large area coverage. 

Complementary to processes which cover large areas, ink-jetting technologies have been 
proposed as a potential liquid-phase deposition technique because of the deposition precision 
afforded and advances in electromechanical control.  For this reason, researchers have found 
inkjet printing of colloidal nanomaterials to be useful in rapid prototyping

9
, panel displays

10
, and 

thin film transistor applications
11

.  In particular, the solar cell industry has been very interested in 
inkjet printing for fine patterning of top contacts from colloidal silver nanoparticles on conventional 
c-Si solar cells

12
 and on organic solar cells

13
, as an alternative to lithographic processes which 

require deposition of costly materials and subsequent removal of unwanted sections (e.g. lift-off 
process).  The fundamental theory behind inkjet printing focuses on the fluid dynamics of the ink.  
A pressure wave is created in the ink, either by a thermal expansion or by a physical deformation.  
This pressure wave forces ink through a small nozzle where the ink is ejected.  As the ink leaves 
the nozzle, the pressure wave is negated or reversed, and due to Rayleigh instability, a drop 
breaks off from the fluid jet.  This drop has sufficient speed to travel towards the intended 
substrate, and impact with a velocity determined by the amplitude of the initial pressure wave. 

It is convenient to organize the challenges of inkjet printing into three categories: material 
compatibility, device compatibility, and drying kinetics.  First, material compatibility deals with the 
challenges in working with two phase systems, such as ink solubility, wetting characteristics, 
surface tension, NC surface chemistry, agglomeration, oxidation, and long-term ink stability.  
Second, device compatibility means the colloidal ink intended for inkjet deposition must be 
compatible with the inkjet device itself.  Inkjet devices typically have a range of fluid properties 
that a solvent must possess to be effectively jetted.  Third, the drying kinetics of the colloidal 
system are directly related to the fluid properties of the ink.  Therefore, before one can engineer 
inks with favorable drying properties, potential solvents must form stable colloidal solutions with 
the NCs (so large agglomerates do not clog the inkjet device) and have favorable properties for 
the jetting process. 
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Consider inkjet printing onto a piece of paper; the ink is delivered to a spot on the paper, and 
is subsequently absorbed.  The pigment particles contained in the ink are absorbed into the fibers 
of the paper, and once the delivery solvent dries, the particles remain attached to the paper.  This 
is a very different picture than that of most inkjet-printed colloidal semiconductors.  Now consider 
inkjet printing on a sheet of glass.  The drop of ink is impacted onto the glass, and depending on 
the impaction speed, remains a drop, spreads, or even splashes.  The surface energy of the 
glass could be such that the drop does not spread at all, but remains a sphere as it evaporates.  If 
the drop spreads, spatial resolution decreases.  Furthermore, there is no fibrous matrix to hold 
the NCs in place as the solvent dries, so the NCs are subject to the flows inherent in the drying 
drop.  The fact that the NCs “go with the flow” inside drying drops is one of the biggest challenges 
in inkjet printing and is referred to as the “coffee ring effect”.  The “coffee ring effect” is more 
formally known as pattern formation in drying drops, or sometimes just the “ring effect”.  The 
effect is a direct consequence of a solute drying in the presence of a single solvent system.  As a 
liquid drop dries, the line between the liquid and the solid upon which it rests (known as the 
“contact line”) remains stationary.  In the terminology of drying kinetics, this is referred to as 
“pinning”.  Simultaneously, it is known that under normal conditions, the solvent will evaporate 
preferentially from the contact line. This preferential evaporation is caused by a difference in the 
environment an evaporated molecule sees after it leaves the liquid/gas interface.  Molecules on 
the edge see more gas to diffuse into, where molecules evaporating from the center only see an 
escape directly above them.  If they diffuse downwards, they will be reabsorbed into the liquid

14
.  

Thus, as molecules evaporate from the contact line, more molecules from the interior of the drop 
flow to the contact line to replace the ones that have evaporated, and in the process carry solute 
particles towards the edge.  This continues either until the drop has completely dried or the angle 
between the liquid-gas interface and liquid-solid interface reaches a critical value, at which point 
the contact line is said to slip.  If there is enough solute left after the contact line slips, the process 
will start over again until the drop has dried completely.  The resulting pattern resembles that of a 
dried coffee drop, hence the name. 

As one might imagine, effectively depositing a thin, continuous layer of semiconductor 
material from a solvent requires understand of ring effect kinetics.  In fact, it was first studied for 
semiconductor materials a little over a decade ago

15
.  Researchers used CdS and CdSe/CdS 

NCs, 5 nm in diameter, dispersed in pyridine.  The result of the research was to characterize and 
model drying kinetics for such a system, however no conclusions were made as to whether 
quality films could be made with such a process.  Further studies focused more on the drop 
drying kinetics, and less on the challenges involved in practical applications.

14–16
  The studies 

involved polystyrene microspheres dispersed in a variety of solvents, and although the research 
wasn’t device oriented, the studies introduced the concept of pinning and showed how different 
drying drop patterns could be by changing solvents, initial concentrations, etc.  Studies since then 
have involved the use of silica particles because of their convenient imaging properties and ability 
to self-assemble,

17–19
 alumina and zirconia particles to study ceramic deposition for fuel cell and 

sensor technology,
20

 and fluorescent PMMA particles to track the flow of solvent during the drying 
process.

21
  Most recently, Gupta et al. have demonstrated the printing of luminescent Si-NCs on a 

large scale, however small scale features were not demonstrated.
22

  However, the question still 
remains; how does one make a continuous film from drying drops?  The answer is, for a one-
solvent system it is very difficult, daresay impossible.  Contact line pinning and preferential 
evaporation will always drag particles to the contact line.  However, if the flow inside the drop 
could be controlled and minimized while the droplet evaporates, perhaps continuous, even 
deposition could occur. 

The requirement for even deposition becomes a two-solvent system.  In a two solvent 
system, the properties of the solvents can be selected to induce a counter-flow to the normally 
induced evaporative one.  This counter-flow can slow down particle transport to the contact line, 
eliminate completely, or sometimes even reverse it, such that particles congregate near the 
center of the drop.

23
  Specifically, this flow is known as Marangoni flow, and is the result of a 

surface tension gradient.  The surface tension gradient is induced due to the thermal gradient that 
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exists in an evaporating drop.  Since the process of evaporation requires consumption of latent 
heat, and the heat conduction path in the drop is longer in the center than near the contact line, 
the surface temperature of the drop is lower near the center.  This in turn decreases the surface 
tension at the center of the drop, establishing a gradient.  Subsequently, a Marangoni flow is 
induced from regions of low surface tension (edge) to regions of high surface tension (center).  In 
general, a Marangoni flow is induced even in a single solvent system, however, the effect 
compared to the convective flow towards the contact line is minimal.  If a two solvent system is 
used instead, the properties of the solvents can be selected such that the magnitude of the 
Marangoni flow is comparable to the convective outward flow.  Consider a two solvent system, 
with a high- and low-boiling point solvent.  Both solvents will preferentially evaporate from the 
contact line, however, the low boiling point solvent will evaporate faster, eventually leaving a 
higher concentration of the high boiling point solvent near the contact line.  If the solvents are 
selected such that the high boiling point solvent has a lower surface tension than the low boiling 
point solvent, then one has artificially induced a surface tension gradient, and the subsequent 
Marangoni flow.

23
  Marangoni flow has been studied for two solvent systems of pristine 

solvents,
24,25

 organosiloxane-based organic-inorganic hybrid materials,
23

 silver, silver sulfide, 
cobalt, copper, cadmium sulfide, and ferrite nanoparticles,

26,27
 and silica particles ejected from an 

inkjet device
18

.  One study focused on using inkjet deposition of polystyrene spheres to 
demonstrate effectiveness for LED applications.

28
  The study demonstrated the ability of a two 

solvent system and an inkjet device to form an ordered array of polymer dots.  In another study, 
researchers used an inorganic/organic hybrid material with an inkjet deposition procedure to 
fabricate thin film transistors.

23
  A recent study investigated the use of self-assembly due to 

Marangoni flow from an inkjetted drop.
29

  Researchers used an organic molecule and varied the 
flow velocity to induce self-assembled molecular crystallization. 

8.3.2. OBJECTIVE 

The purpose of this study was to develop a system to inkjet print colloidal SiNCs.  This 
involved identification of challenges associated with current ink formulations and their 
compatibility with printing processes, identification of suitable solvents for ink formulation, and a 
preliminary understand of drying kinetics of nanoscale materials at a microscopic scale. 

8.3.3. RESULTS 

The inkjet deposition system consists of a MicroFab Inc, piezo-electric inkjet device (MJ-ATP-
01).  The piezo-electric crystal is driven by a MicroFab, Inc. JetDrive III device controller.  The 
controller supplies a voltage pulse to the piezo-electric crystal to induce a pressure wave in the 
reservoir ink.  The controller uses a PC interface to adjust the voltage waveform.  Underneath the 
device, two Standa motorized translation stages (8MT167-100-4247) were mounted at 90° to 
each other to provide a PC controlled two-axis stage for printing lines, films, and other designs.  
The stages were controlled using a custom designed LabVIEW program.  A ceramic-plate heater 
was mounted to the top stage to allow heating during deposition.  Inks were filtered using a 0.2 
μm porous filter before inkjetting.  The entire deposition system was placed inside a glovebox 
with a N2 ambient to avoid oxidation of the NCs.  A diagram of the system and a close-up image 
can be found in Figure IP(a,b). 

Initial experiments tested the feasibility of printing 1-dodecene hydrosilylated, 5 nm SiNCs 
dispersed in toluene or mesitylene.  Films were deposited on glass for optical characterization 
and a bare Si wafer for scanning electron microscopy (SEM) using a JEOL 6500 microscope.  
Thickness profiles were measured using a Dektak 3030 Surface Profiler.  On optical micrograph 
and digital photograph of the resulting films is shown in Figure IP(c,d).  Films made from a single 
pass of the inkjet system were too thin to see, however, multiple passes of the inkjet device 
produced very rough films.  This is because the initial drop landed on a clean substrate, and 
wetting properties were favorable.  However, as the drop dried, the inevitable ring pattern formed, 
and subsequent layers did not wet as evenly.  Eventually the ring patterns overlapped and 
produced a very rough film profile, as shown in Figure IP(e).  Efforts to increase the NC 
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concentration of the ink resulted in increased susceptibility of the inkjet device to clog.  Terpineol 
was added as an anti-coagulant, however the alcohol group in terpineol rapidly oxidized the 
SiNCs and the resulting agglomeration caused so much clogging that the terpineol actually had 
the opposite effect from intended.  Furthermore, it was found that many of these films cracked 
upon rapid thermal annealing at 700 °C, due to the removal of 1-dodecene sections from the film 
interior.  The cracking was observed using SEM as shown in Figure IP(f).  

 

Figure IP (a-f).  (a,b)Inkjet printing system diagram and close-up photo of inkjet deposition, (c,d) 
inkjetted drops and films of 1-dodecene hydrosilylated 5 nm SiNCs dispersed in toluene: (d) 
illustrates the large build-up of NCs near the drop edge, (c) three films made by varying the driving 
voltage (DV) of the inkjet device.  In each film, the left edge was printed first, and in the 30V and 50V 
case, a build-up of NCs occurs during drying due to a laterally-induced ring effect within the film, (e) 
thickness profile of an inkjet printed film of 5 nm 1-dodecene functionalized, SiNCs dispersed in 
mesitylene, (f) SEM of SiNC film from inkjet deposition after rapid thermal annealing at 700 °C 

Serendipitously, it was discovered that 5 nm GeNCs produced from germanium tetrachloride 
and dispersed in 1,2-dichlorobenzene (1,2-DCB) formed stable colloids without any ligand 
attachment.  Since the ligands were causing many of the problems with inkjetting SiNCs, it was 
decided that developing an understanding of the GeNC/1,2-DCB colloid could help later on if 
suitable solvents were discovered for of SiNCs (1,2-DCB did not produce a stable colloid with 
SiNCs).  From the previous experiments, single solvent ink formulations were ruled insufficient for 
inkjetting, so the next set of experiments focused on two solvent systems and the associated 
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drying kinetics.  Lim et al. proposed in their study on molecular crystallization and Marangoni 
flows that a mixture of 1,2-DCB and chlorobenzene (CB) could reduce the ring effect.

29
  

Consequently, inks of varying composition of 1,2-DCB and CB were made and printed to evaluate 
if the ring effect could be reduced for drying drops of GeNC colloids.  In this case, inks were not 
filtered before inkjetting, so the effect of the additional CB on agglomeration could be observed 
more easily.  Even without filtering, the GeNC/1,2-DCB/CB inks printed much easier than the 
SiNC/toluene inks, with less clogging occurrences.  Inks were printed on gold coated Si for SEM.  
Qualitatively, it appears as though the introduction of CB did reduce the ring effect, and in fact 
almost reversed it.  Figure IP(g-i) shows a SEM image of one drop deposited from pure 1,2-DCB 
and one drop deposited from a 2:1 ratio of CB:1,2-DCB.  The pure 1,2-DCB ink shows an 
increased buildup of agglomerated NCs near the edge of the drop, while the mixed ink shows the 
buildup near the center.  This is interesting because the combination of 1,2-DCB and CB satisfies 
the boiling point (BP) condition of Marangoni flow, but does not satisfy the surface tension (ST) 
condition (high BP-low ST / low BP-high ST, see Table B1).  Nonetheless, since NC transport is 
limited by the viscosity of the ink, it was theorized that increasing the mass loading would slow 
down NC transport and lead to more even coverage within the interior of the drop.  Figure IP(i) 
shows the effect of increasing the GeNC loading by a factor of five.  A much more even coverage 
is achieved, however not a continuous coverage.  It must also be noted that agglomeration has 
occurred, as the GeNC sizes appear to be almost 1 μm in diameter, instead of the 5 nm as-
synthesized primary GeNCs. 

 
Figure IP(g-i).  Ring patterns from dried drops of GeNCs dispersed in varying amounts of 1,2-DCB 
and chlorobenzene, and at varying mass concentrations 

 

Table IP1.  Fluid properties of GeNC inks 

Solvent Boiling Point [°C] Surface Tension [mN/m] 

1,2-DCB 180 36.6 

Chlorobenzene 131 33.0 
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8.3.4. CONCLUSIONS 

From the inkjetting experiments, two main conclusions should be drawn.  The first is that ink 
formulation is crucial to successfully inkjet print colloidal NC inks.  The compatibility of the 
solvents with the NC and the inkjet device limit the number of solvent candidates available for 
engineering inks which exploit induced flows for even NC deposition within individual drops and 
films.  Based on this, we also conclude that much more research is needed to identify suitable 
solvents for SiNCs and GeNCs to form stable colloidal inks.  The opportune discovery of 1,2-DCB 
allowed us to perform preliminary inkjetting experiments, however, to proceed successfully it 
would be useful to have a library of compatible solvents for ink formulation.  Likely, this will 
require consideration of how material properties such as NC concentration, surface chemistry, 
surface charge, and size affect the colloidal ink stability. 
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8.4. METAL-INDUCED CRYSTALLIZATION OF A-SI/SINC FILMS (MIC) 

8.4.1. BACKGROUND 

Annealing is usually defined in terms of metallurgy or glassworking, where heat treatment is 
used to cause a change in material properties or remove stresses.  Sintering is usually defined as 
process by which a powder is heated to a temperature below its melting point until the powder 
particles adhere to each other.  In the case of thin films from SiNCs, annealing may change the 
surface of the Si, remove defects within the NCs, activate dopants, or reduce film stresses from 
deposition, while sintering is typically associated with enhancement of grain size and micro-
structural changes. Most literature does not make the distinction between annealing and 
sintering, and perhaps in the case of thin films made from SiNCs, the distinction is hazy because 
of the unique nature of the material.  In an effort to reduce confusion, the term “annealing” will be 
used in this discussion; however it should be noted that the observations discussed are actually a 
combination of annealing and sintering. 

The use of thermal annealing has been well studied for many materials, including almost all 
forms of Si.  This is usually done in a tube furnace or a rapid thermal annealing furnace.  The 
tube furnace is usually used to bring Si wafers up to temperature for dopant diffusion, oxidation 
growth, etc, and requires long time scales.  A rapid thermal annealing furnace (RTA) is slightly 
different.  During some dopant implantation processes, the crystalline structure of a Si wafer is 
damaged.  A RTA is used to repair these defects on a time scale faster than diffusion can occur.  
In the case of Si thin films, the literature is sparse regarding the effects of thermal annealing.  
Several studies focus on thermal annealing of a-Si to create large sized grains, only a few of 
which are referenced here.

1–4
  Some work has focused on μc-Si formed through milling, then 

annealed under pressure to temperatures just below the bulk melting temperature.
5
  A few 

studies have focused on the effect of melting temperatures due to high temperature annealing of 
SiNCs,

6,7
 however, these studies usually involve only a few NCs to facilitate microscopic 

characterization.  Annealing of thin films deposited from solution phase hydrosilylated NCs had 
been studied within the Kortshagen group recently.

8
  Several results of that study illustrated the 

challenges inherent with thin film annealing.  First of all, it was found that films deposited from 
hydrosilylated NCs cracked during annealing, and the cracking was typically thickness 
dependent.  The thicker films would routinely crack more often than thin films.  This was 
explained later by Zak Holman, who measured the gas by-products during an annealing process, 
and found that long sections of the ligand used to hydrosilylate the NCs were being removed from 
the film.

9
  This led to a large volume reduction of matter from the film, and subsequently 

increased film stresses.  The thin films had inherently less matter to lose, and thus less 
annealing-induced stress, therefore they didn’t crack.  However, thin films from gas-phase 
impaction have yet to be studied in depth. 

One interesting subset of thermal annealing is a phenomenon known as metal-induced 
crystallization (MIC).  It has been observed that layers of some metals deposited on a-Si will 
drastically reduce the crystallization temperature of the a-Si film.  This is thought to be due to an 
interaction between the free electrons from the metal and covalent Si bonds near the growing 
interface.

10
  This has been demonstrated in a variety of metals, but most notably nickel,

11
 

aluminum,
12

 and gold
10,13

.  It is theorized that the metal easily diffuses through the a-Si and in its 
wake forms crystallized Si as the free energy of the crystal tries to minimize itself.

13
  This type of 

crystallization could be useful for applications involving heat sensitive substrates, such as plastic 
or glass, since MIC temperatures are in the 200 - 400 °C range. 

Alternatively, laser annealing also seems to be of much more interest to the research 
community as of late, and for a variety of reasons.  One, much higher energy and power densities 
can be delivered by lasers compared to those delivered by tube or RTA furnaces.  Secondly, 
laser annealing allows precise placement of the energy due to the small size of the beam.  
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Thirdly, laser light can be tuned to be absorbed in the top layer of a material, so that the 
penetration depth of the induced heating can be controlled. 

Much of the laser annealing literature is focused on the low temperature crystallization of a-
Si.  For example, a-Si films deposited from RF PECVD was irradiated by an XeCl excimer laser, 
and the resulting films were studied using Raman scattering.

14
  It was concluded that laser 

irradiation could crystallize the films, but under the right conditions could also force the film to 
solidify in the amorphous state.  In another study, a-Si films from PECVD were irradiated with a 
CW Nd:YAG laser to study crystallization on glass substrates.

15
  The study concluded that good 

quality poly-Si films could be fabricated using a CW Nd:YAG laser in concert with a pulsed KrF 
laser.  In yet another study, a-Si was irradiated using a method in which the beam from a pulsed 
Nd:YAG laser was split in three, and then directed towards the film.

16
  The three beams produced 

a 2-D interference pattern on the film, and as a result, the crystallization and grain sizes could be 
controlled by altering the beam intensities. 

While the a-Si literature provides a standard for grain growth and laser operating parameters, 
laser interactions with nc-Si need to be studied separately.  The surface roughness of nc-Si has 
been studied after irradiation from a CW Ar laser.

17
  It was found that the laser energy needed to 

crystallize a film decreases as the surface roughness increases.  Two studies used aqueous 
dispersions of SiNCs to form thin films.

18,19
  The dispersions were deposited on plastic substrate 

and some were allowed to dry while others remained wet.  Then, before they were exposed to 
CW Nd:YAG laser irradiation.  It was found that the wet forming method produced more 
continuous films than the dry forming method, and neither method led to damage of the 
underlying substrate. 

Lastly, two published studies of laser annealed doped SiNCs formed via microwave plasma 
synthesis were studied for their thermoelectric and electrical properties.  The first study found that 
thermopower is only observed for films irradiated with a certain threshold energy density.

20
  

Above this energy density, no enhancement in the thermopower is observed.  The study also 
showed that the thermopower varied with doping concentration, and the optimal doping 
concentration was around 10

19
 cm

-3
.  The electrical properties study used similar particles but 

characterized the conductivity of the films.
21

  Similar to the thermopower, the electrical 
conductivity was found to increase dramatically at a certain threshold laser energy density and 
above this energy density, little increase in the electrical conductivity was observed.  Unlike the 
thermopower, the optimal doping concentration was different for each dopant.  B doping needed 
to be at least 10

18
 cm

-3
 for a 6 order-of-magnitude increase in the conductivity, while phosphorous 

doping needed to be almost 10
20

 cm
-3

 before a similar increase in electrical conductivity was 
observed. 

 

8.4.2. RESULTS AND DISCUSSION 

Preliminary experiments also provide some qualitative results regarding thermal annealing.  
For liquid phase deposition films, rapid thermal annealing to 700 °C in air or forming gas almost 
always produces cracking of the film, as described above.  For very thin films, cracking did not 
occur, however no micro-structural changes were observed with SEM or visually.  Lower 
temperature annealing to 400 °C showed similar effects but required longer annealing times.  On 
the other hand, gas phase impaction deposited films annealed to 400 °C in a N2 ambient were 
always easier to image during SEM than those that weren’t.  SEM imaging is very dependent on 
the samples ability to disperse the charge from the electron beam used for imaging.  Non-
conductive samples tend to build up charge on the surface and the incoming electron beam is 
deflected from its intended location, causing images to turn fuzzy or cloudy, and image resolution 
to decrease.  On the other hand, conductive films are very easy to image as the charge is 
dissipated very quickly.  It is suggested that annealing at 400 °C removes some of the silyl 
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radicals physi-sorbed to the NC surface that act as charge trap states, and in turn increases 
image resolution.   

Impacted films show no micro-structural change after annealing to 500 °C in N2 or 1100 °C in 
air.  The exception to this observation is that films deposited on gold coated Si and annealed to 
400 and 500 °C in N2 for 30 min exhibit metal induced crystallization.  Deposition and synthesis 
conditions are given in Table MIC1.  Figure MIC(a-e) shows a magnification series of top down 
SEM images of a MIC films, while Figure MIC(f) shows a cross section at the interface of a 
crystallized region and an as-deposited region.  It appears that the crystallization processes has 
produced larger grains of crystalline material, but at the same time increased pore size within the 
film.  A photograph of similar films deposited on gold coated Si (Au:Si) and glass is shown in 
Figure MIC(i).  The dark area is the MIC region, and during annealing it can be seen to form with 
the naked eye.  Preliminary XRD experiments suggest that MIC has indeed occurred, as 
crystallite size is seen to grow when measured via the Scherrer method.  The XRD patterns are 
shown in Figure MIC(g), and a graphical comparison is shown in Figure MIC(h).  Crystallite size 
increases by almost four times in either case.  Furthermore, observations during the annealing 
process indicate the MIC process is heating rate dependent.  Films in which the final temperature 
was achieved quickly exhibited MIC, while slower rates of temperature increase didn’t induce MIC 
in any films. 

Table MIC1.  Synthesis and deposition conditions for sample Si30e (MIC) 

SiH4 FR Ar FR Total Pressure SiH4 PP Power Film Thickness 

[sccm] [sccm] [Torr] [mTorr] [W] [μm] 

0.66 66 2.9 29 180 3.0 

 

Lastly, a few preliminary results regarding the effects of laser annealing will be presented.  
Several experiments with Nd:YAG pulsed laser annealing of drop cast films were presented by 
Cram, 2008.  Most of the laser annealing and SEM characterization was done by this author and 
complimentary data will be presented.  The focus of that research was on the effect laser 
annealing has on the conductivity of drop cast films of hydrosilylated SiNCs dispersed in toluene.  
The laser used was a Continuum Nd:YAG pulsed laser, with 532 nm harmonic being used for all 
annealing, and all annealing was done in vacuum around 1 Torr.  The pulses had a FWHM of 6 
ns, were repeated at a frequency of 1 Hz, and had an average energy density of 240 mJ/cm

2
 per 

pulse.  An important observation was that laser annealing alone was typically not enough to affect 
the film structure.  As deposited films were usually too transparent to absorb enough laser light.  It 
was found that thermally annealing the films at 400 °C for 30 min in N2 was necessary before 
laser annealing.  After this pre-anneal step, laser annealing drastically changed the structure of 
the films.  Several SEM images of laser annealed films are presented to qualitatively analyze the 
process of pulsed laser annealing.  Figure MIC(j-k) shows cross sections of a laser annealed film.  
The irregularities in the film in Figure MIC(j) come from improper beam conditioning, which was 
near the edge of the beam.  Figure MIC(k) was a region of the laser annealed film closer to the 
center of the beam spot, and it appears that the top layer of the film has melted and solidified, 
giving a wavy shape to the surface of the film.  Figure MIC(l-n) shows a series of films treated 
with an increasing number of laser pulses.  Figure MIC(l) is an as deposited film, with a large 
contaminant particle in the center for scale.  Figures MIC(m,n) have received 5 and 10 pulses, 
respectively.  While 5 pulses seemed to pit the surface slightly, 10 pulses seemed to melt the 
surface, causing molten Si to solidify in drops of about 300 nm in diameter. 
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Figure MIC(a-f).  A magnification series of MIC observed in a impacted SiNC film (a-e) and a cross 
section of a MIC region (f). 
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Figure MIC(g-i).  (g) XRD patterns of MIC films and (h) graphical comparison of the crystallite sizes 
as measured via the Scherrer method on the (111) reflection  The peaks at 2θ = 28.5°, 47.4° indicate 
Si planes (111) and (220), the peaks at 2θ = 38.3°, 44.5° are gold (111) and (200) planes. (i) 
Photograph of SiNC films deposited on glass and gold coated Si where MIC has been observed. 

Alternatively, a CW laser diode operating at 834 nm was used to anneal inkjet deposited 
films.  Annealing with the diode laser was done in N2 at atmospheric pressure.  The power 
density was approximately 20 W/cm

2
 although accurately characterizing the spot size was 

difficult.  This beam was much smaller than that of the pulsed laser, as it was focused to achieve 
a higher power density.  As a result, the sample surface needed to be precisely placed at the 
focal point to achieve sufficient power density.  A small laser induced plasma (LIP) was observed 
when the placement was optimized, and this was used as a standard for subsequent 
experiments.  The laser was scanned over a small region using the two-axis stage at a speed of 
approximately 1 mm/s.  Figure MIC(o) shows a representative sample of a film annealed with the 
CW diode laser.  The annealed region seems to buckle due to the thermally induced stresses 
associated with the film heating from laser light absorption.  Furthermore, the small dusty-like 
features on the annealed and un-annealed regions suggest that some vaporized Si could have 
condensed out of the LIP, onto the film surface.  Figure MIC(p) shows another SEM image where 
the laser path cuts through the middle of the film, inducing a large stress that causes the film to 
buckle.  On the far left side of the image, additional cracking similar to that observed during 
thermal annealing is also observed. 
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Figure MIC(j-n).  Pulsed laser annealed SiNC film from drop cast deposition (j) edge of beam, (k) 
center of beam.  (l-n) Pulsed laser annealed SiNC film from drop cast deposition (l) 0 pulses (m) 5 
pulses (n) 10 pulses.  The agglomerate in (l) was used for focusing on the very smooth surface, and 
is not representative of the film. 

 

Figure MIC(o-p) (o) SEM image of an inkjet deposited film of SiNCs laser annealed using a CW diode 
laser operating at 834 nm (inset shows re-deposited material).  (p) SEM image of an inkjet deposited 
film of SiNCs laser annealed using a CW diode laser operating at 834 nm with additional cracking 
away from the laser path. 

 



 

142 

8.4.3. REFERENCES 

(1)  Szekeres, A.; Gartner, M.; Vasiliu, F.; Marinov, M.; Beshkov, G. Journal of Non-

Crystalline Solids 1998, 227-230, 954–957. 

(2)  Yi, J.; Wallace, R.; Palmer, J.; Anderson, W. A. Solar Energy Materials and Solar 

Cells, 1994, 33, 145–155. 

(3)  Moon, S.-J.; Lee, M.; Grigoropoulos, C. P. Micro/nanoscale heat transfer 2002, 124, 

253–264. 

(4)  Gamulin, O.; Ivanda, M.; Desnica, U. V; Furic, K. Journal of Non-Crystalline Solids 

1998, 227-230, 943–948. 

(5)  Gombia, E.; Panizzieri, R.; Salviati, G.; Vidal, J. Journal of Crystal Growth 1987, 84, 

621–628. 

(6)  Goldstein, A. N. Applied Physics A: Materials Science & Processing 1996, 62, 33–37. 

(7)  Schierning, G.; Theissmann, R.; Wiggers, H.; D; Sudfeld, D.; Ebbers, A.; Franke, D.; 

Witusiewicz, V. T.; Apel, M. Journal of Applied 2008, 103, 1–6. 

(8)  Cram, R. A. Silicon films from silicon nanocrystal inks for low-cost printable 

electronics and photovoltaics, Thesis (M.S.)-- of Minnesota, 2008. Major: Mechanical 

engineering, 2008. 

(9)  Holman, Z.; Kortshagen, U. R. Langmuir 2009, 25, 11883–11889. 

(10)  Ru-Yuan, Y.; Weng, M. M.-H.; Liang, C.-T. C.; Yan-, S.; Yang, R.-Y.; Su, Y.-K.; Shy, 

S.-L. Japanese Journal of Applied Physics 2006, 45, 1146–1148. 

(11)  Ishida, Y.; Nakagawa, G.; Asano, T. Japanese Journal of Applied Physics, Part 1: 

Regular Papers and Short Notes and Review Papers 2007, 46, 6437–6443. 

(12)  Wang, J. Y.; Wang, Z. M.; Jeurgens, L. P. H.; Mittemeijer, E. J. Journal of 

Nanoscience and Nanotechnology 2009, 9, 3364–3371. 

(13)  Wang, Z.; Jeurgens, L. L. P. H.; Wang, J. J. Y.; Mittemeijer, E. J. Advanced 

Engineering Materials 2009, 11, 131–135. 

(14)  Sameshima, T.; Usui, S. Applied Physics Letters 1991, 59, 2724–2726. 

(15)  Sinh, N. D.; Andra, G.; Falk, F.; Ose, E.; Bergmann, J. Solar Energy Materials and 

Solar Cells 2002, 74, 295–303. 

(16)  Dahlheimer, B.; Karrer, U.; Nebel, C. E.; Stutzmann, M. Journal of Non-Crystalline 

Solids, 1998, 227-230, 916–920. 

(17)  Hadjadj, A.; Boufendi, L.; Huet, S.; Schelz, S.; Roca, i. C.; Estrade-Szwarckopf, H.; 

Rousseau, B. Journal of Vacuum Science & Technology A (Vacuum, Surfaces, and 

Films) 2000, 18, 529–535. 

(18)  Bet, S.; Kar, A. Materials Science and Engineering B 2006, 130, 228–236. 

(19)  Bet, S.; Kar, A. Journal of Electronic Materials 2006, 35, 993–1004. 

(20)  Lechner, R.; Wiggers, H.; Ebbers, A.; Steiger, J.; Brandt, M. S.; Stutzmann, M. 

Physica Status Solidi - Rapid Research Letters 2007, 1, 262–264. 

(21)  Lechner, R.; Stegner, A. R.; Pereira, R. N.; Dietmueller, R.; Brandt, M. S.; Ebbers, A.; 

Trocha, M.; Wiggers, H.; Stutzmann, M. Journal of Applied Physics 2008, 104, 

53701.  

  



 

143 

8.5. BORON PHOSPHIDE NANOPARTICLES (BP) 

8.5.1. BACKGROUND 

Boron phosphide (BP) is a wide band gap semiconductor (Eg ~ 2.0 eV) and has been studied 
for its optical properties, such as photoluminescence,

1
 but mostly as a potential material for 

thermoelectrics.
2,3

  However, since its discovery in 1957,
4
 few researchers have investigated the 

material. A survey of ISI Web of Knowledge, only returns 104 total citations for the phrase “boron 
phosphide” since that time.  In other words, approximately 2 papers per year are published on 
boron phosphide. 

One of the likely reasons for the dearth of literature regarding boron phosphide is that 
material synthesis is limited to mainly high temperature CVD processes decomposing phosphine 
and diborane gases in the presence of H2 gas.

2,3,5–8
  There are some synthesis techniques which 

do not require high temperatures, however, these processes require catalysts or other non-pure 
precursors which can unintentionally contaminate or affect the product.

1,9
  Molecular beam 

epitaxy has also been proposed as a potential fabrication technique.
10

  Of all these techniques, 
none have demonstrated production of free-standing BP NCs.  The goal of this experiment was to 
use a nonthermal plasma synthesis technique to decompose diborane and phosphine gases in 
the presence of H and Ar to form such a material.  The following accounts for a single round of 
preliminary experiments to find plasma conditions which produce BPNCs. 

The standard nonthermal plasma synthesis reactor was used, located in the Nanofabrication 
Facility.  A straight, one inch, glass tube was used as the reactor.  The phosphine was diluted to 
15% in H2, and the diborane to 10% in H2, before introduction to reactor tube.  It was then mixed 
with Ar as a carrier gas.  The plasma power source was 13.56 MHz rf power supply.  The 
resulting nanoparticle material was impacted on glass substrates.  Table BP1 outlines every 
experimental sample and the conditions used to prepare it.  The last column of Table BP1 
indicates whether or not a powder material was observed as the product of the reaction.  Figure 
BP(a) is a photograph of samples BP1 – BP5 and is annotated with the main synthesis variable 
that was changed.  X-ray diffraction patterns were measured using the samples as is, loaded into 
a Bruker AXS Microdiffractometer.  FITR spectra were measured using a Bruker Alpha FTIR 
spectrometer in DRIFTS mode.  FTIR samples were made by impacting directly from the aerosol 
phase onto small chips of aluminum coated Si wafer.  Samples were exposed to air directly after 
synthesis, as there was no reason to believe oxidation of BP would be significant.  No additional 
reaction was observed when the samples were exposed. 

 

8.5.2. RESULTS AND DISCUSSION 

Under almost all conditions, some sort of powder material was observed to be impacted as a 
result of the precursor gas decomposition.  Only as the conditions started to become B-lean was 
there little to no observed reaction product.  All samples had a slight brown color upon exposure 
to air, and did not change after several days of ambient exposure.  Amorphous B is known to be 
brown in color.  Since BP has a bandgap of approximately 2 eV, NCs of such a material should 
be almost transparent in nature, neglecting defect absorption.  Furthermore, independent 
experiments show that a PH3-only plasma will not produce nanoparticles, while a B2H6-only 
plasma will produce.  Based on these observations, it is likely that the majority of the 
experimental conditions resulted in amorphous B nanoparticles.  The XRD and FTIR 
measurements seem to support this conclusion as well.  Figure BP(b) shows spectra for a series 
of samples made under different applied power, and compares those spectra to one from the 
product of a B2H6-only plasma.  It is fairly obvious that for high applied power, the BP spectra 
most match the B2H6-only plasma, with significant peaks at 820, 1450, and 2550 cm

-1
, assigned 

to B-O stretching, amorphous B-H or B-O, and Bx-Hy stretching, respectively.
11–14

  Only at low 
applied power do some features appear that are different (2400-2500 cm

-1
), however these 
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features are likely from additional H in the sample, or reaction of the B with C contamination.  The 
most likely explanation is that additional H exists in the sample, and remains at low applied power 
because the temperature of the particle does not exceed the H desorption temperature.  The 
apparent oxide content could be from in situ etching of the reactor tube from the H plasma, or 
from ambient exposure, however this would not preclude the formation of crystals.  Ambient 
exposure typically includes the presence of water as observed by –OH stretches in the region of 
wavenumbers greater than 3200 cm

-1
, however the absence of any significant absorption in this 

range tends to suggest the oxide is formed through an in situ mechanism instead of through 
ambient oxidation.  Figure BP(c) shows some selected XRD patterns of different sample sets.  
Under no conditions was any significant amount of crystalline material observed using XRD, as 
illustrated by the lack of any sharp features in the line pattern. 

Unfortunately, none of the experimental conditions produced BP NCs and instead most likely 
produced amorphous B nanoparticles, possible slightly doped with P.  A few comments should be 
made before proceeding with additional experiments.  Because of the dilution of the precursor 
gases in H2 prior to injection into the system, the Ar:H ratio is much lower than in other plasma 
reactions (~4:1 for BP1).  The large amount of H in the plasma may be quenching the 
temperature available to heat and crystallize the particles.  Since the precursor dilution is set due 
to safety considerations, additional experiments may not produce any better results unless the 
dilution can be modified, or the overall temperature of the plasma increased.  In this case, a 
thermal plasma may be a better choice for synthesizing BP NCs.  Nonetheless, interested 
researchers may want to investigate more B-lean conditions, as these produce less amorphous B 
nanoparticles, and may eventually lead to stoichiometric BP.  Additionally, post-synthesis 
annealing may be beneficial for crystallizing amorphous particles, and could be accomplished in 
situ with a tube furnace attached to the outlet of the plasma reactor.  These considerations were 
beyond the scope of the preliminary investigations and were not looked into further. 

 

 

Figure BP(a).  Digital photographs of boron phosphide nanoparticles impacted as lines on 
microscope slide glass for samples sets BP1 – BP5. Each set is labeled with the main synthesis 
variable.  In between lines, powder is collected while the conditions are adjusted.  This sacrificial 
line is ignored in all measurements. 
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Table BP1.  Synthesis conditions for all BP NC trials 

Label 
Ar 

flow 
(sccm) 

B2H6:H2 
flow 

(sccm) 

PH3:H2 
flow 

(sccm) 
[B]/[B]+[P] 

Power 
(W) 

Deposit time 
(sec) 

NPs 
observed 

BP1-1 20 3 3 57.1% 40 30 yes 
BP1-2 20 3 3 57.1% 60 30 yes 
BP1-3 20 3 3 57.1% 75 30 yes 
BP1-4 20 3 3 57.1% 95 30 yes 
BP1-5 20 3 3 57.1% 120 30 yes 
BP2-1 0 2 1.5 64.0% 70 60 yes 
BP2-2 10 2 1.5 64.0% 120 60 yes 
BP2-3 20 2 1.5 64.0% 120 60 yes 
BP2-4 30 2 1.5 64.0% 120 60 yes 
BP2-5 40 2 1.5 64.0% 120 60 yes 
BP2-6 50 2 1.5 64.0% 120 60 yes 
BP2-7 60 2 1.5 64.0% 120 60 yes 
BP2-8 70 2 1.5 64.0% 120 60 yes 
BP3-1 10 1 0.75 64.0% 120 120 yes 
BP3-2 20 1 0.75 64.0% 120 120 yes 
BP3-3 40 1 0.75 64.0% 120 120 yes 
BP3-4 60 1 0.75 64.0% 120 120 yes 
BP3-5 80 1 0.75 64.0% 120 120 yes 
BP3-6 100 1 0.75 64.0% 120 120 yes 
BP4-1 15 2 0 100.0% 120 60 yes 
BP4-2 15 2 0.52 83.7% 120 60 yes 
BP4-3 15 2 1.01 72.5% 120 60 yes 
BP4-4 15 2 1.52 63.7% 120 60 yes 
BP4-5 15 2 2.01 57.0% 120 60 yes 
BP4-6 15 2 2.52 51.4% 120 60 yes 
BP4-7 15 2 3.04 46.7% 120 60 barely 
BP5-1 15 0 2.5 0.0% 120 60 no 
BP5-2 15 0.25 2.25 12.9% 120 60 no 
BP5-3 15 0.5 2 25.0% 120 60 no 
BP5-4 15 0.75 1.75 36.4% 120 60 no 
BP5-5 15 1 1.5 47.1% 120 60 barely 
BP5-6 15 1.25 1.25 57.1% 120 60 yes 
BP5-7 15 1.5 1 66.7% 120 60 yes 
BP6-1 20 2.2 1.8 62.0% 120 60 yes 
BP6-2 20 2.1 1.9 59.6% 120 60 yes 
BP6-3 20 2 2 57.1% 120 60 yes 
BP6-4 20 1.9 2.1 54.7% 120 60 yes 
BP6-5 20 1.8 2.2 52.2% 120 60 yes 
BP7-1 20 1.8 2.2 52.2% 135 60 yes 
BP7-2 20 1.8 2.2 52.2% 120 60 yes 
BP7-3 20 1.8 2.2 52.2% 105 60 yes 
BP7-4 20 1.8 2.2 52.2% 90 60 yes 
BP7-5 20 1.8 2.2 52.2% 75 60 yes 
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Figure BP(b-c)  (b) FTIR spectra (offset for clarity) of samples synthesized with B2H6 only (“B only”), 
and a mixture of B2H6 and PH3 (“BP”).  (c) XRD patterns (offset for clarity) for selected samples 
synthesized with a mixture of B2H6 and PH3. 
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