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IntroductionIntroduction

SemiconductorSemiconductor:: material material thatthat hashas a a resistivityresistivity valuevalue
betweenbetween thatthat ofof a a conductorconductor andand anan insulatorinsulator
TheThe conductivityconductivity ofof a a semiconductorsemiconductor material material cancan bebe

variedvaried underunder anan externalexternal electricalelectrical fieldfield
DevicesDevices mademade fromfrom semiconductorsemiconductor materialsmaterials are are thethe
foundationfoundation ofof modernmodern electronicselectronics: : includingincluding radio, radio, 
computerscomputers, , telephonestelephones, , andand manymany otherother devicesdevices. . 
SemiconductorSemiconductor devicesdevices: : transistortransistor, , diodesdiodes includingincluding
thethe lightlight--emittingemitting diode (LED), diode (LED), integratedintegrated circuitscircuits
SolarSolar photovoltaicphotovoltaic panelspanels: : largelarge semiconductorsemiconductor
devicesdevices thatthat directlydirectly convertconvert lightlight energyenergy intointo electricalelectrical
energyenergy. . 



EnergyEnergy bandsbands, band , band gapsgaps

ElectronsElectrons ofof a a singlesingle isolatedisolated atom atom occupyoccupy atomicatomic
orbitalsorbitals, , whichwhich form a form a discretediscrete setset ofof energyenergy levelslevels. . 
IfIf severalseveral atomsatoms are are broughtbrought togethertogether intointo a a moleculemolecule, , 
theirtheir atomicatomic orbitalsorbitals splitsplit -- thethe numbernumber ofof molecularmolecular
orbitalsorbitals proportionalproportional to to thethe numbernumber ofof atomsatoms
WhenWhen a a largelarge numbernumber ofof atomsatoms are are broughtbrought togethertogether to to 
form a form a solidsolid, , thethe numbernumber ofof orbitalsorbitals becomesbecomes
exceedinglyexceedingly largelarge, , andand thethe differencedifference in in energyenergy
betweenbetween themthem becomesbecomes veryvery smallsmall, so , so thethe levelslevels maymay
bebe consideredconsidered to form to form continuouscontinuous bandsbands ofof energyenergy
ratherrather thanthan thethe discretediscrete energyenergy levelslevels



Some Some intervalsintervals ofof energyenergy containcontain no no orbitalsorbitals, , 
no no mattermatter howhow manymany atomsatoms are are aggregatedaggregated, , 
formingforming band band gapsgaps

SemiconductorsSemiconductors: : EEgg << 3 3 eVeV



DopingDoping

IntrinsicIntrinsic ((undopedundoped) ) semiconductorsemiconductor: : conductivityconductivity duedue to to 
crystalcrystal defectsdefects oror thermalthermal excitationsexcitations, n = p, n = p

n n –– type doping: type doping: addingadding anan impurityimpurity ofof valence 5 valence 5 
element to a valence 4 element to a valence 4 semiconductorsemiconductor, , typicallytypically
Si + PSi + P
p p –– type doping: type doping: addingadding anan impurityimpurity ofof valence 3 valence 3 
electronelectron to a valence 4 to a valence 4 
semiconductorsemiconductor,,
typicallytypically Si + B:Si + B:



SchemeScheme ofof basicbasic principleprinciple ofof semiconductorssemiconductors



IntrinsicIntrinsic ((undopedundoped) ) semiconductorsemiconductor: : 
n = pn = p
ConductivityConductivity duedue to to crystalcrystal defectsdefects oror thermalthermal
excitationsexcitations

DopedDoped semiconductorssemiconductors::
ClassicalClassical Si cell: p Si cell: p –– n (p n (p –– dopeddoped Si + n Si + n –– dopeddoped
Si)Si)

RecentRecent designsdesigns: : 
p p –– i i –– n Si n Si cellscells: : thethe middlemiddle layerlayer isis intrinsicintrinsic
((undopedundoped) ) siliconsilicon
n n –– i i –– p p cellscells::



CommonCommon typestypes ofof semiconductingsemiconducting
materialsmaterials

GroupGroup IV IV elmentalelmental SC: Si, SC: Si, GeGe
GroupGroup IV IV compoundcompound SC: SC: SiCSiC, , SiGeSiGe
III III –– V V semiconductorssemiconductors: : GaAsGaAs
II II –– VI VI semiconductorssemiconductors: : CdSCdS, , CdSeCdSe, , CdTeCdTe
ZnOZnO, , ZnSZnS, , ZnSeZnSe, , ZnTeZnTe
ternaryternary compoundscompounds, e. g. , e. g. CdZnTeCdZnTe



Cadmium sulfide,Cadmium sulfide, CdSCdS

Two naturaly occuring crystalline modifications:Two naturaly occuring crystalline modifications:

GreenockitGreenockit (hekxagonal UC):(hekxagonal UC):

HawleyitHawleyit (cubic UC):(cubic UC):



Applicatons ofApplicatons of CdSCdS

Known as Known as cadmium yellowcadmium yellow (CI pigment yellow 37):(CI pigment yellow 37):
pigments valued for good thermal stability, light and pigments valued for good thermal stability, light and 
weather fastness and high opacity weather fastness and high opacity 
Pigment in plastics and in art:Pigment in plastics and in art: VanVan GoghGogh, , MonetMonet

Direct band gap semiconductor:Direct band gap semiconductor: band gapband gap = 2.42 = 2.42 eVeV atat
300 300 K (bulk), up to 4 eV with nanoparticlesK (bulk), up to 4 eV with nanoparticles
conductivity increases when irradiatedconductivity increases when irradiated →→
photoresistorphotoresistor
Both polymorphs are piezoelectricBoth polymorphs are piezoelectric
Solid state laserSolid state laser
When combined with a p When combined with a p -- type semiconductor:type semiconductor:
photovoltaic photovoltaic (solar) (solar) cellcell:: ((CdSCdS/Cu/Cu22S , 1954)S , 1954)



Applications ofApplications of CdSeCdSe

Thermally stable pigment:Thermally stable pigment: CdSCdS + + CdSeCdSe = = orangeorange
to to redred colourscolours

Semiconducting material:Semiconducting material: band gapband gap = 1.74 = 1.74 eVeV atat
300 K300 K
Laser diodesLaser diodes
Size dependent fluorescence spectrumSize dependent fluorescence spectrum ((quantumquantum
confinementconfinement): properties of CdSe are tunable ): properties of CdSe are tunable 
based on their sizebased on their size
Tested for use in high Tested for use in high –– efficiency efficiency solar cellssolar cells



CadmiumCadmium telluride, telluride, CdTeCdTe

CrystallineCrystalline compoundcompound, , zinczinc blendeblende (cubic) (cubic) 
crystal structurecrystal structure
Direct band gap semiconductor: band gap = Direct band gap semiconductor: band gap = 
1.56 eV at 300 K, strong solar cell material1.56 eV at 300 K, strong solar cell material
Highly usefull in making thin Highly usefull in making thin –– film photovoltaic film photovoltaic 
modulesmodules
Alloyed with mercury: verstile IR detector Alloyed with mercury: verstile IR detector 
materialmaterial
Alloyed with zinc: xAlloyed with zinc: x--ray and gamma ray detectorray and gamma ray detector
IR optical material for optical windows and IR optical material for optical windows and 
lenseslenses



CdTeCdTe photovoltaicsphotovoltaics

FirstFirst andand onlyonly photovoltaicphotovoltaic technology to technology to 
overtakeovertake siliconsilicon in in cheapnesscheapness

SinceSince thethe beginningbeginning: : thethe dominant dominant solarsolar cell cell 
technology has technology has beenbeen basedbased on on crystallinecrystalline SiSi
ResearchResearch in in CdTeCdTe: : latelate 1950s1950s
Band Band gapgap: : aroundaround 1.5 1.5 eVeV, , perfectperfect matchmatch to to 
distributiondistribution ofof photonsphotons in in thethe solarsolar spectrumspectrum
1960s: 1960s: simplesimple heterojunctionsheterojunctions, p, p--type type CdTeCdTe + n + n 
–– type type CdSCdS





MainMain concernsconcerns connectedconnected withwith CdTeCdTe cellscells

TeTe supplysupply::
RecentlyRecently 800 t / 800 t / yearyear
CoproductCoproduct withwith CuCu productionproduction
FewFew usesuses –– fewfew explorationexploration ((newnew placesplaces in China)in China)

ToxcicityToxcicity ofof Cd:Cd:
CdTeCdTe isis toxictoxic, , butbut onlyonly ifif ingestedingested oror inhaledinhaled
SecurelySecurely encapsulatedencapsulated, , cancan bebe renderrendereed d harmlessharmless
RecyclingRecycling ofof modulesmodules atat thethe endend ofof theirtheir lifetimelifetime
More More environmentalenvironmental friendlyfriendly thanthan anyany otherother use use ofof
CdCd



Classical methods of synthesisClassical methods of synthesis

Solid Solid –– state reactionsstate reactions
Reaction between aqueous solutions ofReaction between aqueous solutions of Cd Cd -- saltssalts
and gaseousand gaseous HH22S / S / HH22Se Se 

In the past: gravimetric analysis of cadmium:In the past: gravimetric analysis of cadmium:
using gaseous,using gaseous, highly toxic reactant!highly toxic reactant!

PyrolPyrolyysissis
CdS thin films: from Cd CdS thin films: from Cd –– salts and thiourea or salts and thiourea or 
from volatile Cd from volatile Cd -- alkylsalkyls
CdSe: preparation of bulk material by high CdSe: preparation of bulk material by high 
pressure vertical zone meltingpressure vertical zone melting



Modern methods for the synthesis of Modern methods for the synthesis of 
cadmium chalcogenidescadmium chalcogenides

Safer, avoiding toxic reactantsSafer, avoiding toxic reactants
Milder reaction condidtionsMilder reaction condidtions →→ eeasier to controlasier to control

Reverse (inverse) micells methodReverse (inverse) micells method
Microwave synthesisMicrowave synthesis
SSynthesis in liquid ammoniaynthesis in liquid ammonia (amorphous(amorphous productproduct!)!)
BacterialBacterial biosynthesisbiosynthesis
Mechanochemial method (mechanical alloying, high Mechanochemial method (mechanical alloying, high ––
energy milling)energy milling)



BasicBasic principlesprinciples ofof sonochemicalsonochemical reactionsreactions

UltrasoundUltrasound: : cycliccyclic soundsound pressurepressure withwith fequenciesfequencies
betweenbetween 20 20 kHzkHz andand 10 MHz10 MHz

EffectEffect ofof ultrasoundultrasound to to moleculesmolecules: : indirectindirect, most , most 
probableprobable throughthrough thethe mechanismmechanism calledcalled acousticacoustic
cavitationcavitation: : formationformation, , growthgrowth andand implosiveimplosive collapsecollapse
ofof gasgas//vapourvapour bubblesbubbles insideinside thethe liquidliquid
ExtremeExtreme conditionsconditions atat thethe collapsecollapse11 ((‘‘hothot –– spotspot’’)) : : 

T T >> 5000500000C, P C, P >> 2000 bar, 2000 bar, ΔΔTT / / ΔΔtt ≈≈ 101099 K/sK/s

1: K S1: K. S. SuslickSuslick, ScienceScience 247 (1990)247 (1990), 14391439.



BubbleBubble dynamicsdynamics insideinside a a liquidliquid

FormationFormation, , 
growthgrowth andand
implosiveimplosive
collapsecollapse ofof
gasgas bubblesbubbles
insideinside a a liquidliquid



PhotographPhotograph ofof a a collapsingcollapsing bubblebubble duringduring
acousticacoustic cavitationcavitation, 20 , 20 millionmillion framesframes / s/ s



Used Used ultrasoniscultrasonisc systemsystem::

SonicsSonics & & MaterialsMaterials
VCX 750VCX 750
1.25 cm1.25 cm22 Ti Ti –– probeprobe
20 20 KHzKHz
100 W/cm100 W/cm22

50 mL 50 mL beakerbeaker



ConclusionConclusion::

Simple sonochemical methods, suitable for Simple sonochemical methods, suitable for 
preparation of semiconductingpreparation of semiconducting CdSCdS andand CdSeCdSe

Nanocrystalline particlesNanocrystalline particles with average particle with average particle 
sizesize 4,54 4,54 –– 9,66 nm9,66 nm

Confirmation by X Confirmation by X –– ray powder diffraction,ray powder diffraction,
electrone microscopy andelectrone microscopy and EDSEDS

Detailed thermal analysis in air and NDetailed thermal analysis in air and N22 flowflow

Further investigations underway: attempt to Further investigations underway: attempt to 
prepareprepare CdTe CdTe nanoparticles in similar way!nanoparticles in similar way!
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