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SUMMARY

Pnictide semiconductor nanoparticles and quantum dots are an important class of materials
due to their potential applications in solar cell, thermoelectricity, bioimagingomsgnsors
However, scientific communitiesd attention or
conventional HVI chalcogenide based QDs. This is primarily due to the challersyiniipeses of
group V semiconductor nanoparticleesmpared to HVI families. This thesis focuses on the
development of safe and effective methods for the synthesis of a wide variety of pnictide
semiconductor nanoparticles, or quantum dots including materials within-¥elllV, I-V-VI;
and B-V-VI4 families. In first chapter | have reported a relatively asafe and less hazardous
arsenic precursor, b[§,N-bis-(trimethylsilyllamido] chloroarsenic, [(M&i).N].AsCl (arsenic
silylamide) that can be used to create a variety of crystalline, monodisp¥®fsil Vv, and b-V-

VI4 family semiconductor quantum dots. The mechanism of the formation of quantum dots was
also elaborated with the help of DFT calculation and NMR experiments. Next, | have expanded
the scope of  these silylamidesociated pnictide precursors, tris[N,N
bis(trimethylsilyl)amido]antimony, [((MeSi)2N]sSb and tris[N,N
bis(trimethylsilyl)amido]bismuth, [(M&Si)2N]3Bi towards the exploration of novahtimony and
bismuth nanomaterials, AgShSand AgBiSe. Furthermore, electrical measurements of these
materials were grformed to characterize the electrical properties of the nanoparticles. In addition
to pnictide nanomaterig@syntheses, | have developed a series of hydrophilic phosphonic acids to
solubilize QDs in aqueous solution using a variety of strategies. piidject focuses to minimize

the number of steps for water solubilization and enhance the efficacy of functionalization of QDs.

XV



1 Introduction

1.1 INTRODUCTION

Nanotechnology s defined as fAthe design, charact el
structures, devices and systems by !Theumgueol!l | i n
aspects of this subject are based orsthdy of nanedimensional (18 m) materias ancthestrong
correlation betweethe size of the materials and their properties. It was physicist Prof. Richard
Feynman who first introducetie concepts ofaasn ot e c hn ol o g yplentyof rctomst A Ther
t he bot t omdSdoratigrittbecame sre of thefastest growiiedd of study in science
and engineeringn some sense, nanosciencaas a new paradignas nanoscale objects already
exist in nature as catalysts, porous materials, certain minerals, soot particles etc. However,
innovation and progress in thevelopment oscientific tools have allowed this rapid expansion

and developmerdf human derived nanoscale technology

1.2 QUANTUM DOTS AND THE IR APPLICATION

Quantum dots (QDslso known as semiconductor nanocry3tadse become imajorcomponent

of nanotechnology sincéheir discovery in 1983 Over the past few yearsemiconductor
nanocrystalshave been studiegs potential @amponentf chemicat® and biological sensiffy

13 photovoltaic¥’, lasers®?! and light emitting devicé$?® due to their unique photophysical
properties. These include broad absorption spectra, tunable and narrow emission profiles, and high
resistance towards photoblé@ny compared to organic dygsee fig. 152’ Many of these
properties are engendered through the quantum confinement of charge carriers, within the

nanometer dimension of semiconthracrystals® 2831

1
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1.3 QUANTUM CONFINEMENT

When a semiconductor nanocrystal absorbs a photon, an electron is excited to the conduction
band fromthe valence band, leavingehinda hole in the valence bon@ihe ®ulomb attractive
force betweerthe hole and electron restricts their independent matsalting in the formation
of anelectronhole pair (e-h"),or O6exci tondé. The di st aiskaoswvn bet we ¢
as theBohr-exciton radius. Wherthe radius ofthe quantum dot is comparabte the excitonic
Bohr radius, the excitons areatgly confined® The energyseparation of the QD Expressed in

thefollowing equation:

AE(r) =E +h2 1+1
") = Bgap 8r2(m; my

)

where, me, m'n = effective masses of excited electron and h@spectivelyEgapis theband gap

of thebulk (unconfined) materiadnd ris theradius of QD.

There are two consequendhat result from the strongly confined electronic structure. For
one, theenergy levels are quantized and discré®.such, theelectronic structure canndie
explained bya bulk bandlike motif. The statesre more like atomic enerdgvels so quantum
dots are someti mes r3¥nother donsegenceasrthe fatt thatitha |  at
band gapsf quantundotsare inversely proportional to the sizetloédots(see fig. 2) Therefore,

theelectronic properties of thmaterialscan beunedby alteringthe size othedots.
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1.4 TYPES OF CORE-SHELL QUANTUM DOTS

Surface passitean of quantum dots plays an important rfde tuning theiroptoelectronic
propertiesGrowing an inorganishell on top othecore isaninteresting and widely used protocol
to restrict surface oxidation and alteth e  amissive properties. Trahadce of material for the
shell is based on the band gap and crystal structure of the core quantum dots. Bhelcore

guantum dots are classified eithetype-| or typell heterostuctureésee fig. 3)



In the ype| coreshell heterostructure, the bagap of the core is smalldéran theshelland
the edges of valence and conduction keofdthecore lies within the bandgap of the siélThus,
boththeelectron andheholeis strongly confined inside the core. This confinement in-ypare
shell heterostructure helps to reduce surface defects and enhance the optical properties of quantum

dots3>3" Examples includ€dSe/Zn®®, CdSe/CdS, InAs/CdSé&?, CdS/znS etc.

In thetype-Il configuration,thevalence or conduction bamrdigeof the shell lies within the
band gap of corebut not bott?® Due to this staggered alignment of band edtpeshole stays in
the corewhile theelectron isconfined to the shell or vice verskhis spatial distribution ofharge
carriers leads to longer fluorescence lifetinamd lower quantum vyield®*' Examplesinclude

CdTe/CdSe? CdSe/znTe? CdTe/CdS*? ZnTe/CdS* ZnTe/CdSe? ZnSe/Cd¥! etc.

1.5 SYNTHESIS OF CORE-SHELL QUANT UM DOTS

After the discovery of quantum dots in 1981 by Rusplaysicist Ekimovand US chemists
Brus and Steigerwajtl there are numerous protocols developed to synthesize duglity
crystalline quantum dots. These include hydrotheffal, microwave assistetf; ¢ rapid
injection;” decomposition of single source precursrshemical/thermal oxidatiof?>! laser
ablatior?? and electrochemical etchifg®* Usually, hydrothermal and microwave assisted
synthesis leads to nanomaterials with low quantum gjigddor crystallinity and broad size
distributiors. However therapid injection protocol, first employed by Murray et al.g&nerally
the best and most geralmethodto synthesize different types of materifi$n this praedure,
one or moreprecursor solutions are injectedaat elevated temperature into a high boHpaint

solvent. Initially, the concentration of precursor is higher than the nucleation threshold and



N2 flow

Condenser

Temperature
Probe —»

3 neck round

bottom flask
N

Figure 4. Common protocofrapid injection method) to synthesize quantum dots. Adapted and
reprinted with permission from Re31, Copyright 2014 The Royal Society of Chemistry



nucleation of semiconductor nanocrystglsoceedsat a rapid pace. As the awentration of
precursors drops, the nucleation of new dots sémpkparticles start to growhere may be an
overlap period wheraucleation and growthccur simultaneoushyf nanocwystal are grown with

a low precursor concentratiodé Ost wal d ri peni ngd ¢ ahroabsizeur |,
distribution of nanomateriafS.To control the growth andreventOstwald ripeningthe solution

can be cooled immediately aftieinjectionof precursor at higher temperaturedla subsequent
nucleation stage. The rapid injection method accomplishes this by the sudden addition of a large

guality of solvent when the precursors are added.

To improve the stability, quantum yield atmminimizetoxicity, quantum dot coresan be
over coated with shell of another inorganic matéefidt. *®Generdly the shell formation involves
epitaxial growthvia theslow injection of ovetzoating precursors. tBerwise non-epitaxial shell
growth canoccur which causestrain and defedormationat the core/shell interfacksading to

deeptrap states and poor optical characteristics.

Another important factor to synthesize high quality quantum dots is the piioificaf
starting materiatsoleic acid®® oleylamine, tetradecylphosphonic a€iénd trioctylphosphonic
acid®® Purified starting materials enhanite reproducibility of the protocahnd result in better
surface passivation that leads goeater stability, less toxicity and higler quantum yield

Consequently, the properties of tB producs is improved, especially compared toanig dyes.

1.6 WATER SOLUBILIZATION AND FUNCTIONALIZATI ON OF QUANTUM DOTS

Quantum dots aréighly robustd f | u o sbotpahhawve potential applications inthe

biologicalarenaas biosensors, biomarkeend bioimaging tool8:%3 However, te best quantum

8



dotsare synthesized ihydrophobic solventavhich makes it very difficulto transferdotsfrom
hydrophobic organic solvenisto a hydrophilic aqgueousne® There are two primargrotocols

for watersolubilization of quantum dotg) ligand exchangend,2) theencapsulation method.

The Igand exchange protocol involves re@atent ofthe native hydrophobic ligands with
hydrophiliconesto solubilize quantum dots in aqueous solvelt: 4368 The mostwidely used
ligand for this purpose is sulfur containing dihydrolipoic acid (DHPAF®"* Usually, ligand
exchange with DHLAresults insmall hydrodynamic sizeQDs that aresuitablefor biological
applications. ldwever, the quantum yield and the stability aségnificantly reduced® 7273
Another modified ligand exchange approach involves silanization, where QDs are coated with a
crosslinked, neasmonolayerof silica.”* Also, quantum yields are quite high and QDs are stable

overmonths undeambientbench top condition.

The encapsulation protocatoats QDs witha layer ofhydrophilic compoundsknown as
encapsulantgn top oftheir native ligands for aqueous solubilizatiGrUsually,theencapsulants
are amphiphiles that havehgdrophobic parthat interacts with theative ligang within the
interior, whereasa hydrophilic portion stays outside and interacts withiter These ligands are
typically block copolymer$® lipids,”” phospholipids or amphiphilic polymerg® 7880 While
quantum yield of QDs remain sartfahehydrodynamic size becomes largdich is incompatible

with biologicalstudies®® 882

Functionalization of quantum dots is another intguatrstep to make it useful for biological
applicatiors.8® Usually, hydrophilic functional groupsuch asprimarily amine and carboxylic
acids, exist o the surface alvatersolubleQDs. The common couplimgagents to conjugate with

biological moieties (proteins, peptides, DNA elgve carbodiimidefunctionality. Examples



includel-ethyk3-(3-dimethylaminopropyl)carbodiimide (EDEY, > 8% andmethylpolyethylene

glycol carbodiimide (MPEG CD¥ DMTMM. ® s a similar reagent asc. To functionalize

HOOC

COOH

HOO!

Encapsulation

__________,>.

Exchange

Schemel. Different protocols for watesolubilzation of QDs: Encapsulation and ligand exchange.
Reprinted with permission from Re&f7, Copyright 2014 The Royal Society of Chemistry

thiol groups onthe QD surface, sulfosuccinimidyl-(N-maleimidomethyl) cyclohexanel-
carboxylate (sulfeSMCC) is an efficient coupling reagefitFurthermore, there are examples of
nonspecific®®® electrostatic®® ® °®! and adsorptiot? °2 interactions that can be used for

attaching biological moieties to QD surface devoid of any coupling reagents.
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1.7 CONVENTIONAL QUANTUM DOTS AND HISTORICAL BACKGROUND

Over past two decades, several synthetic strategies have emerged to piép@re. ICdS,
CdSe, CdTe}! IV-VI (PbS,PbSe>® and IV (InP, InAs)*%1%° quantum dots, rods and other
morphologies for applications in solar céfts}®* optoelectronic devicé$ 1°21%and as fluorescent
sensors:10 194 Of these, research on-MI (specifically cadmium chalcogenigeDs are
overwhelmingly reported in théterature due to the fact that their preparation is facile and
precursors aremostly commercially available. If we look into the history, the scientific
c o mmu n fodusy @dnscadmium chalcogenide begahen Ekimov and Onushchenko first
synthesized CdS doin glass metalsSAt t he same ti me Brusd group s
cadmium and sulfur salts in water containing an amphiphilic polymer that served as the
nanocryst al s 6.°The edctomawas performedimatr wsingscommercially available
precursors, which facilitated technological transferability to other research groups. In 1993,
Murray et al. presented a procedure that produced high quality CdS, CdSe, and CdTe QDs by the
rapid injection of precursors into a very hot amphiphilic coordinating sotéftie elements
became supersaturated and precipitated in the form of nuclei that grew into nano?Etals.
great significance of this work is that semiconductor nanoscience became infinitely more
accessible to the scientificcommury due to the i mprovement i n tfF
came at the expense of additional complexity as toxic and flammable dimethyl cadmium was used
as a precursor, which necessitated air free conditions. This issue was resolved through the use of

significantly safer cadmium salf§ and phosphonatt¥ as reagents.

Many applications for CdSe quantum dogzame realizabley the inorganic passivation of
the surfacé>3¢ Coreshell CdSe/ZnS quantum yields have been reported to be as high ag®100%;
furthermore, they are more stable such that they may be dispersed into water for bioimaging
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applicationausing the methods discussed in the previous settf8itdSe/ZnS dots are also used

in displays and are commercially available from LG, Samsamg Sony*> 1°%To summarize, the
scientific community has had significant incentive to invest in cadriiased semiconductor
guantum dot research, which has resulted in the development of robust synthetic procedures that
produce highly stdb, bright functional materials. However, one runs into several issues with
guantum dot synthesis when investigating new materials outside of the cadmium chalcogenide

semiconductor family.

1.8 PNICTIDE (GROUP V) QUANTUM DOTS

Pnictide semiconductor quantum slaire an important family of materials for their potential
applicatiors in solar cellf**'! thermoelectricityt'#!'3 bioimaging'#*'’ and lithium ion
batterie$!®11®, They are mostly classified as-M (e.qg. InAs, InP, GaAs, GaSb); M (e.g. CdAs;,
ZnzAsy), 1-V-VI, (Cu/AgSbS, Cu/AgShSe Cu/AgBiS and Cu/AgBiSe), and k-V-Via (e.g.
CwASS:, CeShS, CieSbhSe, AgsAsSe) f ami | i es of materials. Howe
attention was negligible towardgamining pnictide materiatmpared to conventional cadmium
chdcogenide QDsThe problem this thesis will address is the fact that, if the scientific community
does not explore new materials, novel properties will not be realized.cdmvpareconventional
guantum ddi to pnictideones we find manyinteresting points to be considered. For example,
InAs'*®and InPY” have lower bandgaypfor NIR fluorescence and less toxicity due to absence of
ClassA elementsThus,they are more efficient materials for bioimaging appiares compared
to CdSe QDs. GaAs is another interesting material for photovoltgics hasbetter carrier

dynamicscompared teCdTel® Also, I-V-VI, semtonductorsespecially AgSbSeand AgBiSe,
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are efficient and inexpensive thermoelectric materials compared t&nelin PbTe/AgSbTe!?
120 Al these facts prove that pnictide family semiconductors possess potential applications in
different fields of science. Every new discovelso createpotential challengeandfor pnictide

semiconductor nanocrystals, it is always associated with synginebtems

The syntheses of group V QDs are extremely challenging and completely different compared
to 1I-VI families. This is largely dueotl) the strong amlency of the crystal lattic@) the fact that
pnictide ions require higher temperasandlonger annealingime to overcome higher reaction

barrierst?!

Primary Pnictide Semiconductor Families Major Semiconductors
Group -V Binary: InP, GaP, InAs, GaAs, InSb, Gag
Tertiary: InGaP, InGaAs,InGaSh
Group IFV CdsP2, ZnsP2, AIP, CaAsy, ZnsAs;, AlAs,
ZnsSky, ZnSh, N3P, CaP, CuP
Group k-V-Vl4 CwAsS;, CwSbhbS, CuwBiSs, CuwAsSe,
CusSbSe, CwBiSes, AgsAsS:, AgsShS
Group V-V, CuSks,;, CuSbhSg CuBiS, CuBiSe,
AgSbS2, AgShSe AgBIS,;, AgBiSe
Group b-V-Vl3 CwAsS, CuSbhS, CwSbSe, CuwBiSs,
CuBiSe3, AgAsSs, AgsSbS,

Table 1. Pnictide semiconductor families and examples of semiconductors
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Figure 5. Pnictide precursorg\) Established pnictide precursoB. Reaction mechanism of
tris(trimethylsilyl)pnictide with In(+3) salt.
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