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In the past few years, it has been shown thairganc-organic hybrid
semiconductorare promising candidatésr optoelectronics andeanenergy applications.
Thesematerialshave the advantage of combining the excellent electrical, optical, thermal
and transport properties of inorganic composevith the flexibility, processability ad
structural diversity of the organic comporer representative of such materialstie
inorganieorganic hybrids based di-VI semiconductors. We have developed a unique
class of }VI based hybridsomposed of alternating layers of double atostabs of ZgS,
and organic amine moleculé&he Zn,S, based doubldayer hybrids emit bright white light
and their internal quantum efficiencies have reached-3588, very close to the
performance level of the (YAG):€eyellow phosphors presently domimagi thewhite
light emitting diosks (WLED) market. We have demonstrated thdtetr bandgap and
photoluminescence properties, quantum yield and color quality can be systematically tuned
by varying the doping level and composition of inorganic and orgeoioponents.

Therefore, thesehite-light emitting hybrid semiconductors represent a new type of single



phased phosphors made of semiconductor bulk materials with great promise for use in
WLEDs which are of intese interestor general illuminations.

Furthermore,we have successfully synthesizadseries ohew hybrid materials
containing onadimensional chains or twdimensional layers of WI motifs with organic
spacers between the channels or the $ayénserting organic amines in these crystal
lattices reduces the thermal conductivity without any significant effect on the electrical
conductivity, anadhus, it may giveise to an increase in the figure of merit, a parameter
that characterizes the effectiveness of thermoelectric devices. The abilityeotie
optical, eletrical, and thermal properties, coupled with tHagh fluoresence quantum
yield, solution processability, lowtemperature and cosffective onepot synthesis,
precisely controllable stoichiometry and high yietdi only make thesdwybrid materials
promising candidates for use WLEDSs, but alsohighly versatilesemiconductorgor a

range of applications sues optoelectronicgnergy generation, and conversion devices
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CHAPTER ONE

INTRODUCTION



Semiconductors have made a great impact on the modern technolagpnénitulitel

to many aspects of the humiife.* They are thevital componentsf most of the electronic
devices such as radio, computers, transistors, solar cells, and difigresibf diodes.
Wide bandgap IFVI and narrow bangap \:VI binary compounds are two important
classes of semiconductor materials timatke a significanimpact on our everyday lives
Due to their importance, vast amount of research work has been carriedstudytoheir
structures and properties. To develop nend high performanceemiconductor materials
for the future generation of advanced electt@md optoelectronic deviceme approach is
to tailor the optical and electrical properties of these semicdoduby modifying their
particle size, shaper chemicalcomposition Another approach is development of new
hybrid inorganieorganic materialsvith new and unique properties. In this chapter the
structure and basic properties and applications of grewf dnd V-VI semiconductors

and their hybrid based compounds will be discussed.

1.1 I -VI Semiconductors

Combination of cations of grodiB (Zn, Cd, Hg) and anions of group VIA (O, S, Se
and Te)in the periodic table results in the formation of th&/lisemiconductors materials.
ZnS, ZnSe, ZnTe, CdS, CdSe, and CdTe are few examplesvbfnbterials. Thg are
important components in thedectronc and optical technologies and have applications in
optoelctronics, light emitting diodes, hetrojunctions diodes, transistors and photovoltaics.
Physical properties of these materials can be tailored by simpleicatidiis, such as

doping, and varying ptcle sizeand shapé.?



1.1.1 Structure

[I-VI semiconductors exist in two main crystal forms, one is the cubic dorainc
blende (ZB, space group43n) (Fig. 1.19 and another is the hexagonairh or wurtzite
(W, space group6:mc) structure Fig. 1.10. Both structures are closely related and have
very similar atomic arrangements. In both polymorphs, the coordination geometry of both
cations and anions are tetrahedral. They only differ in the stacking of anion layers. In the
zinc blende struare, the anions are arrangadtubic closepacked arrays and the stacking
sequence is repeated every three lafje@8BC2 ) al ong [ 111] directior
the anions are arranged in hexagonal cfmseked arraysand it repeats the stacking
sequace every 2 layeré éABé ). Both structures are composed of sheets of continuously
linked puckered hexagonal rings or honeycdikd rings in which Il and VI group atoms

are alternatingFig. 1.19.2

1.1.2 Applications

[I-VI semiconductors with a direct baxgép in a range of 1-:3.6eV (Table 1.1
have a wide applications in the transistors, heterojunctions diodes, space charge limited
diodes, lasers, optoelectronic devices, photovoltaic devices, photocorsdantbrsolar
cells’ ? By changing the physical dimensions of the semiconductor, it is possible to tune
the bandgap of the compound and as a result optical, electrical and other properties of
semiconductors can be tuned without changing their chemical compodimping also
can be used to tune several properties such as luminescence or conductivity. Another
rapidly growing application of 1V based semiconductor materials is in solid state lighting

(SSL).






SSL (primarily light emitting diodes (LED) and organic light emitting diodes
(OLED) technology uses semiconducting materialsoiovert electricity into lightBoth
LEDs and OLEDsave reeived considerable attention in recent years due to their
enormouspotential for utility in lighting and displaysThe major advantages of SSL
over the current lighting technology are lower energy consumption, higher efficiency,
and longer lifetimé.S9_ is a promising approach for decreasing the energy consumption
and reducing C@emissiort: By using of slid state lighing technologythe total
electricity consumption for lighting would decrease by roughly 46 percent by the year
2030 in US! Switchingto SSL, over the 20 year analysis period, spanning 22030,
could potentiallyhavea cumulative energy savings of approximately 2,700 terawatt
hour s, representing approxi matagitaso $250 bi l
reduce the greenhousgas emissions by 1,800 million metric tons of carlbodS
alone”

The white light emitting diodes (WLEDSs) are of particular interest because of the
great need in general illuminations. Common approaches to produce WLEDSs include
blending of thre primary colored LEDs, namely red, green, and blue (RGB) diodes, or
combination of a blue (or UV) LED with a yellow phosphor or multiphosphdihe
process of color mixing requires complex doping metladisuse of the multiple
componentsln addition,the efficient mixing of colors, maintaining the appropriate amount
of each color and color control is a challenging skt the present time, commercially
available WLEDs are predominantly phosphor based (a yellow emitting phosphor, yttrium
aluminumgarnet or (YAG):C#, coupled with a blue emitting InGaN/GaN diod&)/hile

less expensive than the RGB diodes, the (YAG):®pe phosphors and WLEDs have



iIssues such as inaptness for solution process, poor color rendering index (CRI) and high
correlateccolor temperature (CCT) which limit their widespread commercialization in
general lighting application§® Semiconductor quantum dots (QDs) or nanocrystals (NCs)
with broad and strong absorption and tunable emission are promising candidates for low
costLEDs because they are solution processabilelowever, their emission bands are

often too narrow?™ White light obtained by combining bluegreen, and redemitting

QDs of various sizes suffers from low efficiency caused byadebrption, scatterg and
related energy transfer issudn.addition,size of each component should be very carefully
adjusted bcause emission wavelengthangs with particle sizeé™*’It is of great

difficulty and complexity to control the size of QDs and maintain@orapriate amount of
each component to balance the cdBome other issuashich may occur include an
irregular dispensation of converter NCs on the LED chip, a lack of consistency in LED
performance, and other complex fabrication proceSsésThese poblems may be

reduced or eliminated by developing a) more complex QDs/NCs compasitsssingle
phased whitdight emitters in bulk fornd:® For (a), significantly improved quantum
efficiency of 30% for oniodike CdSe/ZnS/CdSe/Zn815% for INP/ZnS/SiQ,*® 17% for
trap-rich CdS? 17% for Cu:MnZnSet® and 12% for alloye@n,CdyxSe'*have been
achieved. However, in most cases, multiple steps are involved in the synthesis, and precise
control of NC core and/or shell size remains highly lehging. In addition, surface
modification is often required which adds further complexity to the synthesis process. For
(b), on the other hand, there ardy very few known examples of singidase whitdight
emitters inthe bulk form.” ® **One of them is [{AgL}-nH20] (L=4-cyanobenzoate), for

which a quantum yield (QY) of 10.9%ashived’® Additionally, several singlphase



organic whitelight-emitting materialsvith low quantum efficiencyhave been developéd.
In this thesis it has baeshown that crystalline structurésiilt on periodically arranged
two-dimensional (2D) nanmodules of ZnS and orgaraminesare capable of generating
white light upon illumination with UV LED®““ Thesenew solutiorprocessabldpw-cost,
andhigh-efficiency hybrid semiconductor bufkaterials can be useds singlephase
white-light-emitting phosphordHaving a white light emission Q&s high as B%, thenew

phosphors are approaching the performan@®woimercially availabl¢YAG):Ce*"

Table 1.1 Room temperature basghps (Eg) of some-NI compound$

Band-gap (eV) Band-gap (eV)
ZnS 3.543.67 Cds 2.50
ZnSe 2.58 CdSe 1.74
ZnTe 2.26 CdTe 1.4415

1.2 1I-VI based hybrid semiconductors

Inorganicorganichybrid semiconductomaterials have received enormous attention
because of their intesting,enhanced and unique properties that may not be possible in
either of the components alone. Inorganic materials have high carrier mobility and offer
superior electrical, optical, magtic and thermal properties while the organic component
offers flexibility and high processibility. In addition they are structurally diverse and cost
effective. They have great potentials for applications in optoetewtr devices such as
transistors, @iht enitting diode (LED) andsolar cells.A new class of inorganiorganic

hybrid semiconductor bulk materials with a general formula g®ML)x (M = Mn, Zn,



Cd; Q=S, Se, Te; Lamono or di-amine;n =1 and 2x = 0.5 and 1) has been developed.
These gystalline compounds arextendednetworks ofone, two- and threedimensions
and are composed of alternating Ml binary semiconductor (inorganic) modules and
amine molecules (organic) at namw subnanometer scale and in periodic arrangerbgnt
coordinate bonds. They exhibitterestingand enhancedtructural, optical, thermal, and

mechanical properti€s.

1.2.1 Structure

Incorporating organic amine layers between the chains and slabs-I'éf I
semiconductors resulted in a new class of inorgarganic hybrid nanostructure§.hese
hybrid materials are composed of alternating inorganic and organic moaluresometer
or Lubnanometer scglén periodc and uniform arrangement. Theyers are connected to
each other via coordinate bonds and theysess perfectly ordered structuiieg 1.2ad).
Inorganic slab may be regarded as a slice from the zincblende or wurtzite sfitttwvée
semiconductot is the honeycomb net of alternating, thregordinated metdZn/Cd) and
chalcogen (SSe,andTe) (Fig. 1.38. Nitrogen of the amine moleculbsndsto metal (Zn
or Cd)via its lone pair of electron® complete the tetrahedral coordination of the metal
and this way amine molecules bridge to two Zn or Cd metal centers from the adjacent
slabs. The length of amine molecules can be modified to manipulate the mechanical,
luminescence or thermal expansiorogerties of these hybridd=ig. 1.2ad). It is also
possible tachange the thickness of the inorganic layer, and change the dimensionality from

onedimension (1D) to twalimension (2D)andthreedimension (3D)Fig. 1.3b-€).



Figure 1.2 View of single layer 3EMQ(L)ostype hybrid structure (M=Zn, Cd; Q=S, Se,
Te; L = diaming, (a) ZnTelydrazings, (b) ZnTeenos (c) ZnTepdaos (d)
ZnTepdaos, (e) ZnTehdados M: red, Q: cyan, N: blue, C: grey. Hydrogen atoms are
omitted for clarify.
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Figure 1.3 View of (a) single layer of honeyconilixe net ofll-VI in the M Qn(L)x-type
hybrid structure (M= Zn, Cd; Q=S, Se, TelL= monoordiamine),(b) singlechain 1D

MQ(L) structure, (c) single layer 3D-MQ(L)os structure d) singlelayer 2DMQ(L)

structure and (¢ doublelayer 2DM,Q(L) structure. Blue M, red Q, in (b)d) the stick
modelcorresponds ta.
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1.2.2 Properties

[1-VI based hybrids with a general formula ofQA(L)x (M = Zn, Cd, Q= S,Se,
Te, L= moneg and diamine)exhibit strong structurgnduced quantum confinement effect
(QCE), and thus, large blhift in their optical band ga.Their absorption spectrshow
a sharp band edge absorption, and high absorption coeffi@amd gap tunability by
means of changing the thickness of the inorganic lagduced and tailorable thermal
expansionimproved flexibility, lower thermal conductivityand white light emission are

among the numerous interesting and unique charactegstics group of compounds.

1.3 V-VI Semiconductors

Group \WVI binary compounds are among the best semiconductors available today.
Because of their well known Higconductivity, good thermoelectric properties, switching
effects and excellent photovoltaic povi®&? They form from the combination of cations
of group VA (Sb, Bi) anénions of group VIA (O, S, Se, Ti) the periodic table. Sbes,

Bi,Tes, Bi,S; andSh,Sesare few examples of the-VI semiconductors.

1.3.1 Structure
Bismuth and antimony chalcogenide binary compounds have layered structures, and
are highly anisotropic. Structure of Bismuth selenide and bismuth tellasicedl as that
of the antimony tellurideonsiss of the five layers slabs in a sequence eBIR-Bi-Q
where Q is Se or Te. Several phases of Bismuth selenide and Bismuth telluride have been

known?* Within the slabs, Bi and Sb have octahedaardination The bonding
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interaction between the layers inchaslab is covalent while the interaction between the
slabs is Van der Waalgpe and weaker in nature. ;Be; and Bi,Tescrystallize in a

rhombohedral structure with space gragy3m?® 2!

(Fig. 1.439. The crystal structureof
Bi,S; is different from that of the bmuth selenide and telluride;ctystallizes inB2mmor
Pbnmspacegroup Fig. 1.4b. SbS; andSkySe; crystallize in an orthorhombic space group

Pbnm(Fig. 1.4c). Monoclinicspace group dE2/chas also observed f&bS; (Fig. 1.4d).

1.3.2  Properties

Group VI binary compounds and their derivatives are by far the best known

materialsfor applications in thermoelectric deviceBable 1.2. ShTe; and BpTe; are
recognized for theinigh thermoelectric power. Bismuth telluride is not only one of the best
available semiconductomsith high electrical conductivity, but also the most important
thermoelectric (TE) material near the room temperattffe.

Concept of thermoelectric was dedd after the discovery ddeebeck(1821),
Peltier (1834) and Thommsod859 effects. Few years latergfire of merit(ZT) was
introduced to evaluateéhe efficiency of thermoelectric matesalFigure of merit is
formulated asZ T =% /TahereT is the absolute temperat
coefficient, 0 i s t h ethethérrmatdonduictivity! Basemmttisict i v
concept, good thermoelectric materials are the ones with high electrical conductivity, high
Seebeck coefficientral low thermal conductivit$?

Today research on thermoelectric device fabrication is motivated by two main
factors, power generation and refrigeration. Thermoelectric device have applications in air

conditioning,andspot cooling of electronichip, themal suits for firefighting, and
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(a) (b)

(© (d)

Figure 1.4View of the structure of (ahomboledral, ByTe; with aspace groug-3m(b)
Bi,Ss, with B2mm(d) SbSe;with Pbnm and (d) SgS; withC2/cspace group. Sb and Bi
atoms are shown ityanand chalcogens in red.



