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Chapter 1

Crystal Growth-Bulk and Epitaxial
Film-Part 1’

CHYSTAL GROWTH

* (I\Preparat>fin bl polyrryKtalline Electronic Grade Silicnn material in Smem Jim™*».

¢ (2)Bulk Crystal preparation or Pure,Elertronic Grade, Single Crystal Silicon m*ot preparatkai by
Crocbrnbla meihnd and by Final Znne LLIbnH.

¢ (3)Diammd cuttto* of Sibcan In*ot into Silio*> Wafrn and 1nppuw. prAAin” anrt <bTuenl rulang
bl the Wafmi to obtain minor finished Suh*raien far 1C pifpiiratinn.

* (4)Epitaxial FUm Grtwth-Ownira/ Vapour P b ¢ Dep.*jfir*i<CVD) or phurr EpiUxy(LPF).

¢ (3)R» Plutonic Application . compound 9*nimnductor Epitaxial Film Growth is ariiieved by Mnfcr-
iliar Bnam Epitaxy (MBE).

PREPARATION OF POLYCRYSTALUNE ELECTRONIC GRADE SILICON MATERIAL

Quart/ Sand (9K02) plus Coke are put in a container with ffihm jrri electrode Arc Fume*. Electric
energy is consumed at the rate of 13 kWhr per kgand SK72 is reduced to Silicon ky Coke. Tliis sibccai is bl
98% purity. The wild sLLiron is piOvemed and kept in an own where Hydrogen Chloride vapour is passed
at 300°C. Sibcon is convrrted into SIHC13 (iquid) which is railed Tridilnro Silane.

SK)2(Quartr Sa»d)> 2C (colee) - (at hi*h Temperature)Si -C02

Sfpilwrimi form) +3HCL (vapour) -(At 300°C) SiHCtt (liquid) +H2T

’Thie crmtvirt ifl «blbblpossm at  Mtp: 7 oi*.nr*/cnnt**itTANAB."1.1/ >

Available for fime « Connexions <fcttpc//nnmm/comwt/mil
1



2 CHAPTER U CM'STAL GROXMH-BVLK AND EPITAXIAL FtLM-PART /

Pure SIHC13

Figrar 1. Multiple Dbdflattou Setup for prrpilIn£ rif <loHn guide
TrtCUmSIiBt.

Figure 1.1

SiHCI3(liquid) lias B.P 3T-8"C. Where* most impurities abskm volatile. Therein*» hy multiple distilla-
tinn electn»»k grade TriOdnrifiilane inobtained which eventually is »*wd in SIEMENS REACTOR.

H2 SffICU -(n! 1000°C>Si 3HCL

(Hydroffm reduction)

(a finrmof CVD of Sibmn on slim rod of Silicon on Tantulum wire)

Sbm rod contains Tant Alum Wife surrounded b Silicon an nhnwn in Figure 2. Slim rod can he formed
either by CVD on hot Tantalum wire* or can be pulled from the meh.

(When Si depinlted by CVD on hot Tkntalum wires then there can be thermal mn mmy due to negative
temperature coefficient of resistanre<tx.r) of surrounding dlicon dfposit dominating r w positive tjc.r of tlie
Tentalum wires. The thermal ranawAjr has to be prevented by controlling the current.)

The resulting fattened tiim rod baa awuedeiahle metal contaminAtion at the mre of the rod. Thw can
he removed by dimriving the central metallic core with arid. ANitric Hydrofluoric arid mixture is then
primped through the ImAa- core. Thw cleaning method widen* the hollow core hy removing silioin And
meta) rontaminatkm(lmm hr). First nitric arid is used to dfawnlve the metallic con» . Next Hydrofluoric
Acid is passed throng the holksvrd core to dissolve the inner fQwr of silicnn And In the process removing
the metal contaminatinn. The fattened, purified rod of nflicn» thus obtained will be ined as the feedstock
for crystal puffing. Hydrofluoric Arid is very corrosive and h ran effect our hones even . Therefore Tefkn
gknvs , Teflon Apmns/TcAon twrewr* And Tefkm beakers haw tobe used while working with HF arid.

NimNBM» fnr frw at Connexion* . http:/, cvxs*n.(rmte*1 coll HIMJ/1/1.14>



Tnuivpairitl Gtau Dhm

Figure 2. Sitnra's Reactor ftr (M id Ywupwmr I>rpo<inou #f Elet froalc Gra*
Slon laamlua Wirt Care wMch Is braird at 1000 «rprr crattfradr

Figure 1.2

FLOW CHART OF SIEMEN'S REACTOR
Rrvturtwn of atari with carbon pvt* imptire polycty*alllne Silicon

i

Reaction of pihrriaflri raw alLlcT with HCL anpaoust vapour to form TriChlorrfiUane

|

Multiple dvailUtion bl ThChloroSUanr to obtain purified electronic g o ir TriOikacfiUmr

Thermal <Vonmporitinn bl SIHCU m» 10T1degree centigrade in Sirman’s iw ior to obtain fattened lodi
oi efertmnic *rarie SUicin

AvalubU* kw frw m Connrxun* <L ~s//esvaw/sLU LW /eiiMM}L/1.14>



CHAPTER 1 CRYSTAL GROW'TH-BULK AND EPITAXIAL FILM-PAAT /

Quern <ombIlLIn—»

RF 1 RE
foll to beat Indue (ton
ri, L C*#i
nUf(|»IM

AKphMr Siscr*w
Klein f i. The i(hfHuUiO( Ilustration of Ibf pow th of nsingif SI
Into* by CzochrabkJ Tf«lutlgiif

Figure 1.3

Figure 3. TbFMdiematir iliumrittion at the growth of s 7*nglr cTyabl Si inff* by the Oorhmbki tarhnkpie.

AuiilaMf far frw at Connexion* Http://cnx-n**/content/co!1/M3/1.M>
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s**|e crntal SI tag**. rtboul -m» wafer

MEw r 4 IV cmf>yuxn*liic *1lellal<x «! Mk Si* on IngotIsuuilrd
b> 1 omitting 4 flat Tlk be a* lo*f «* 2 aieter. Wafnuare
N4MoH<1 »aw. Tvpt<a] wafer tkickne* b

Figure 1.4

The rrv*talk*raptor «imtation «/silicon in** is marked by ffaixIHHais1x sliown In Figure 4. The
ingot r*n be a* kv* jw2m. Wafa* sre nit using a rotating annular JwtoaA saw. Typical waf»T thjrknrw
n 0.6-0.7mm

C20CHRALSKI METHOD OF SINGLE CRYSTAL PULLING

Ityvryatattne LLIKT innot notable for B vilHHir Device preparation. FnlycTyrfab \xxsr grain bound-
aries which make molibty unpredictable because of unpredictable amaint of defecl «raftering. Grains
boundaries cause uneven distribution bl dnpent*. Along the grain boundaries there la mure rapid difltiwon
of dopent as compared to that in the bulk. Hence we opt Inr «Ingle crystal 1aT

CanchraUd Equipment, aa shown in Figure 3and Figure o. lias a graphite lining. Graphite is of Nuclear
Reactor Grade. Within the Graphite lining. Qiurt7. cniciMe of high purity is placed for holding the silicon
melt. Induction heating » twed fnr maintaining the silicon meh at 142tf*C . Inductafi luting is eddy
cterent lieating. The «My currents are induced In the graphite lining by alternating magnetic field caiard
by RF induction rail. Crystal pulling is carried out in inert atmosphere of argin to prevmt oaddation and
to Mippress evaporatkin.

" W at CfmTwxkn* <btt"c rontAMt m1IM11 1.14 >



€ CHAPTER J. CRYSTAL GROWTH-BULK AND EPITAXIAL FILM-PAAT |

Rotating Support Rod

Srrd Cnxtal
Crystal

Cnrstfll Pulling

Diifi lion Qaartz CiuciMf
(Rflia(torr Material)

n 0 RF Inilwtion
- Herbie Coll

Graphite

?ouitn Rotating Susceptoi
Support

Fiirnf 5. Czochraskl Equipment.

Figure 1.8

Seed crystal determines the perfection And the orientation of the mngle crystal being pulled. Hence wed
mdislocation free and of denied crystal orientation.

The total length of Si ingot is L~2ha L ¢ - 13cm. 20rm. 25cm, Optimum pulling rate ft 2 mm per min.
In 24 hr period the total length of ingot is pulled .Silicon being highly refrartiw (m.p.1410 c) is highly
rolllaTTnblp. The Quart? of the ormtainment vnvH undergo** dissolution into Si during it* growth. The
result is the inclusion of 02 aft a donor impurity info Silicon. Carbon is another impurity that finds it* way
into Silicon. These contaminants are particularly harmful <or powerful device».

Counter rotation and rotation vre produced to provide urairmity , hranogeneity of tliermal effects and
dopents. This minimbes the defects afco.

Inspitc of these Umogem7ing efferts there are swirl effect which lead to non-tinifinrm distribution of
desired and undented contaminant*. Thin leads to non-uniform reivstfvity distribution across a silicon wafer.
The spatial variation is surf* that these non-uniformities are not particularly important in LC. or in miniature
device*. However in pm*>r devices .whirli are largp area device* . local variation In doping can lead to non-
untfnrm Iteatmg and lienee to hot spots and failures. For example T diameter Thyristor carries IT0amps.
Even one defect per slice wil be catastrophic to surti a device bit is inconsequential to 1C. Fabrication.

Tins implies that far application in whirh contaminants are critical, crystal, wafers produced hy
CZOCHBALSKI METHOD an» not suitable.

AvaiUMt fow fm* at Connexions <eHttp:/ Iaarc %ot 14T roll f*15/1.14>



One way to «void the contaminants is to be «void o ftart with gnam crucible. This is *rhk*wd by
FIOAT ZONE METHOD of Crystal Growth.

FLOAT ZONE METHOD OF CRYSTAL GROWTH

An electronic grar\é, pure polycrysialliae alLitn md is held vertically «s slsm-n in Figure 6 in inm
atn*wpi»eie .thi* no cniriWe ini*ed and lienre rootaminatinns are awnided.

A crystal Is held at the bottom of the rod to determine the crystaBngraphic orientation

Thnsigh R F indtrtkvi lwwtinga narrow anne of vnrtical, purified, poh crystalline 1nr is melted. Dimen-
nfib d the molten wineair stirh that surface tension bld it in place. Becsiiae of In* than unity segregation
coeffrient , a(m)-(concfntrat»on M in snlid pi*ase) (concentration of w In liquid plutse), impurities prefer
to f*ny in liquid phaae.

As the R.F. coil is lifted frnm bottom to top , the impurities of the region are swept to the top and tbe
nenstalliwl portion is relative)}’ pure and single crystalline with orientatir*i that of seed crystal. If liigh
purity is required then srvrral passes can he made and ends containing impurities can be sliced off leaving
behind my pure wtfe crystal silirrn ingnt. Pure oy«al of very high rertstivity can be aciiievar* by repeated
rerrystallbatinn tlinsigh several passes.

Tahlet Segregation Coefficient fis diflers*nt dopents in different Imsts.

Seniinnndurt<r NT*» Ptyjx*
a<B) OS
a(zZn) - 042
Ifchfe 1.1

JHLLAMS Irr it at Connexions <HVipr//ombmyonVil/ca11818/1.14>



CHAPTER 1 CRYSTAL GROWTH-BULK AND EPITAXIAL MLW-PNBI |

Jcntife

Cooled
Stfka Em elope

Molten
oil
maintained by
edd> (aneut heating

Counter Rotation

Figure 6. Float Zone Metliod of Crystal Growth.

Figure l.«

AveiUhW- far frw M Connexion*  http://cn content/coll M15/1.14 »
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Chapter 2

Crystal Growth-Bulk and Epitaxial
Film-Part 2

Ciyntal Grairtl»- Bulk and Epitaxial Film- Part2.

SLICING OF SINGLE CRYSTAL INGOT INTO SILICON WAFERS

Slicing of the Si ingot into Si wafers wachieved by circular saw blade. Tlie nm Jar saw blade wilhwtratw
in Figure 7.

‘Thmmntwt tatvniUhlronline « <kttp(//oeu»*/«W IWt/m34Q00/1/1/>.

Available far fr** * CanmxkTwn <ktt)t//eM M [|[/M M /nhll1R/I.M>
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10 CHAPTER1 CmSTAL GROWTH-BULK AND EPITAXIAL FUM-PART 2

tmpi fjpiadon. Siw Bind* must bf kept \)trpeu«ll<ulsu
to the loiihtnftiiial axis of the iugot to avoid taper In
thf waffr.

Figure X1

Cimilar jww blade conns»s bl xtainlew Hteel impregnated with diamond diiat at the cutting ed#p. On the
Iwrdnflw srax» diamond w the hardtwt. uGOmirmmetnw thick Si wafpra are «liced out through damagp free
and parallel Rawing. The ingot slkwiMhe mwH in parallel planes to avoid taper of the wafer.

AwmJUhir fevfiw at CMTexkm - hitti*:/ /Tx-nTk/rax—/col IMM/1.14>



rise lo TAPER defect

flatness is ffffctfd.
Figure 8. TAPER J1 FLATNESS of Wafer

Figure 2.2

In the proress ci sawing , mediaiiiml. defect* are inevitable. To remove the mechanical defects and to
achieve taper-free. flat, minor finish wafiprs vp do lapping, chemical etching and polishing.

LAPPING: For removing medianiral irratrhes and ahraslons encountered during sawing, lapping is
esspntial. A hatch of wafrrs an* plared between two parallel plain steel disrs wtridi dnrrihe planetry motion
in «elation to e*ch other. Aslum of rutting compound (generally alumina) is used and s* lapping progrempN,
the grade of atvaskm s refined. SmoothneaR Is within 10/im and flatnnw is witliin 2 /jbi.

CHEMICAL ETICHING: To remove edflr damages wliidi had hem earned due to sawing and grind-
ing, the wafers is dipped in HF arid using Teflon beakers. Oiemkal Vapor etdilng ran also he done as
«tosrribed in epitaxy sertkm.

POLISHING: Ashrry ofsilica in NaOH Is used for polisliing to mirror smoothness. Tapping , Cliemiral

and Polishing removes 100/on thiek substrate leaving behind 400/*mthick silicon suhatrate on which
LC. Fabrication ran he carried out..
FLOW CHART OF WAFER PREPARATION
M***ris| » Sand, Sand reduced to SUicmi Silicon nfrvrrted to TViChlomSilane. through multiple
wsrfflatlon TVichkrcfiilane Is purified to Elertwuic Grade and reduced In Sfcroen’s Reort<ir to Pure Flertnmir
Grade Potyrr>'stallliw* S.

wsilahl* fir W at Connexions <bly/eTvs%,/corLLILYfeol TM/AV114>



12 CHAPTER 2. CRYSTAL GROWTH-BULK AND EPITAXIAL FILM-PART 2

Fvhm purified Siberm MHE, singk* crystal bigot is pulled nut ~ Onriirahki Mrtimd or Poly SI h** n
purified TR mwaDiwd hy Float Zone Method. Required Dopent ( PImsphoprou* for N Type inflnt and
Bwnn far P Type ingrx) * added tn the meh in calnilated manner tn h m single cry**} injjnt of 4 >ecif*
impurity type doping and of given resistivity.

|
Swing, Lapping, Grinding and PtAshing
1

Titlekitess of the Wafer
400ini( roils

200iiun in 80's & 90's

Today if is 300mm.

In fature it will be 400mm

to maintain the scale of economy

Figure 211

In early day* wh«n KO Tfeciaaiagy had just started Le. In the year 1961 the wader m was only 1inrh.
Then it was: * 2 inrh (30£ mm). Tblrkness 273 /mi. * 3 inch (76.2 mm). Tliicknnw 373 >im * 4 inrh
(100 mm). Thirknem 323 fan. * 3 inrh (127 mm) or 123 mm (4.9 inrh). Thirkntw 023 /an. * 130 mm
(3.9 inrh, usually referred to a* "B inrh"). Thirkne» 673 *m ¢ 200 mm (7.9 inch, twially iHened to as
"S inch™). Tliirknew 723 tan. *300 mm (11.S inch, usually reiprml to as "12 inch" or "PiTyn aa>" wafer).
Thlcknega 773 fiin. « 430 mm (18 inrh"). Thickness 923 pm (expected). By all thine technique , high
purity (99.9990?) single crystal ingots with a controlled amount of N or P type dipent can be produced. The
maximum mosth ity obtained in Si in** n 104 Ou-m wtiemas in Ga Anand InP th* /«mex -10*O-cm. That
is alrixxt 4nmi-insulating in»nt of GaAs and InP can he obtained. Semi-insulating GaAS and InP wafers are
mutable fer redurtinn of pararitics, for ianlaton of active devires from me another, far reduction of power
drain and far ariiieving high speed.

Presently becaiwe of technical cnwtraints we haw the option of Si, GaAs and InP substrate only. There-
fare we have a very limited choice of overlay films abr». This severely constrains the photonic device design.

AvaiUMe for free at Connexion* httpr/cnY » content/coll 1CI.V 1.14 >



Chapter 3

Crystal Growth-Bulk and Epitaxial
Film-Part 3

CRYSTAL GROWTH

SiKcon, (SI):The mwt common semiconductor, atomic number 14,

TeTky AP Eg' bl2eV- indirert bandgap;

crystal stmcture- diamond, lattice constant 0.543 nra,

atomic concentration o x 10/ atomscnT1,

index of refraction 3.42, density 2J3 g/cm*, dielectric constant 11.7»

intrinsic carrier concentration 1.02 x 10** cm-1,

bulk motility ofelectrons and hoks at 300~K: 14a0 and 300 cm’ /\VHI,

thermal conductivity 1J1 W/cm #C,

thermal expansion coefficient 2.6 x 10* °C'1,

melting point 1414 *C; excellent mechanical properties (MEXIS applications);

single crystal Sl can be processed into wstfers up to 300mm in diameter.

In fiiture this diameter will be 4u0mm.

P type- Always Boron (B) Doped N t>*pe- Dopant typically as fedlowk Fes: jO01-.000 Araenic (As)Res:
.005-.023 Antimony <Sb)Res: >.1 Phosplxroiis (P)

EPITAXIAL CRYSTAL GROWTH

The suhatrate or the wafer only constitutes the strong I>esp of the integrated cimiit. Tlie actual active
and passive components fabrication and there Integration are carried out in overlay films which are grown
by epitaxial teriinique.

EPITAXY is a Greek wnrd meaning : *epi” (upon) k ‘taxy’ (ordered). Tliat is an epitaxial film, a few
#imthick, is an ordtrly continuation of the auhstrate crystal. It grows very slowly layer hy Uyrr. Hence tkoe
tension , defects and doping magnitude wwrUax uniformin' can be precisely and accurately controlled
in the crystal growth direction.

This precise control isobtained in Molenilar Beam Epitaxy (MBE) but not in liquid Plwae Epitaxy(LPE)

in Chemical \apotir Piwwe Epitaxy (CVTE). Tlie thickness accuracy b witlrfn £3A which is emential fix
grewing Quantum Pbot<siic Devices namely’ Quantum Dots, Quantum Weito and Super-lattirea

‘Tfci* content u available online at <bu”~/rax-nr*, content.7* 12N2/1.4/>,

Available for fr«* at Connexion* « Kttpe//cnx"r* cont«*t mil 161.V1.1t>
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14 CHAPTER X CRYSTAL GROWTH-BULK AND EPITAXIAL FILM-PAKT 3

Figure 11

Tbbfe 2. bientity marks at the Wafer to identify it* orientation and «rmiconductar type.

[n (angle I>rtwpen primary and aecondary flats as indicate»1in Figure 9) TVpe Orientation

43° N <111>
VP ' P <100>
180° N <100>
0" P <111> J
bbles.t

The normal to the plane along wttrh crystal* cleaves la tl»e cleavage plane orientation. Suppone the
cleavage plane orientation is <111> Miller Index Nebring used to dHfine the plant* and their norma).
Figure 10 flhMitnMH the Planed Miller Index and how the normal to the plane is represented. Hthe «posed
surface of the Si wirtnr. Wliirh is known as major flat, « parallel to cleavage plane tlien the given waipr has
a crystal orientation <111>.

If tlie clemagp plane orientation is <100> and the wafpr major flat is parallel to YZ plane thm the
crystal orientation is <100>. In this raw* cleavagp plane Is* in YZ plane La. |100| plane and its orientatkn
n perpendicular to YZ plane i.e. x-axis. Henre Wafrr Crystal Plane orientatim is <100>

N\MNabl» far fm> at Connexion*  http://onx.orR/on»«t*ntjcritM M/1.14>
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Scribing The wa4*r Along cleavage planes allows it tn be easily dined into individual ritfps (‘die?) in that
hilliorw of individual circuits or systems on an average wafer ran hr separated into individual dir*. Each
individual dir is eutertic alb' bonded on ceramic suhstrate. Tl»e suhsrrate is Ivnded to tlir lieader. The gold
inn* 9 connntrd to thr bonding pads of the dir on nnr end and to tlir chip terminals <t\ thr lirader hy
Thermo-compression hooding or by Ultra-flcnir bonding. Next thr (fir is hermetically sealed into Dual-in-
Une(DIP) partaff < TO5 pwiaw . i i

In <100> crystal orWhntatkm, scribed pieces frrm rectangle whereas in <111> crystal orientation, senbed
pieces in n triangles. Herr wr liave to srribe b in thr base of tlir triangle to thr aprx.

For MOS fabrications, wafers with crystal orientation ~100> are used. Tliis hdps adrievr a lower
threshold Voltage. For BJT and othrr applications wafrrs with orientation <111> arr ptvferrrd.

Silinin Crystal Bulk is isotropic to diffusion of dopents and to etrhents used for etching the ciride layer.
Thw is brcaiise of thr symmrtrir property *4 Cubic Structure of Si But real devices are built near tbr
surface hence thr orientation «fthr crystal don* matter.

In 111 crystal tmninates <m 111 plane and in 100 it terminates on 100 plane. 11l plane has largest
number of Si atom* per cm2 wliereas 100 1ns the least number of atoms per cm2. Because bl this difference
111 planes axidire tmirh bister because the oxidation rate is proportional to the Silicon atoms available for
reaction.

But because thr attvn stirfare density is tlir highrst thr dangling I>ond surfere density isalso tlir higl**t
in 111 hence Si/SK)2 Itas superior electrical pmprrties in terms of intrrfsrr states in KKQ hrterface states
*iw rise to 1/f noise or ftickpr noise. Because of this superiority all MOS devires use 100 crystal orientation.
But historically B/TT witve used 111 hrcause 111 crystal growth is easier tn grow by Cw»chralski mrtliod.
But » we move to sub-mirron and deep and ultra-deep sub-micron BJT. 100 crystal orientation seems to
be the crystal orientation of choice Snr BJT also.

JinMebk for fw* at Cimrvxionn http;/ rxw&eontait rollI*611S1.14;»



CHAPTER1 CRYSTAL GROWTH-BULK AND EPITAXIAL FUM-PART J

Z
(0.0,a)

[l]plaiie

Normal dim don to
the [111] plane is called 111>

[100]plane = =

X-ax e direction
of orfgntation Iane[lOO]
aud enote

Fipnf 10. Sil Wafer Orieutation
Miller Index ed to denote tlie plane

Figure 3.2

AWilaht* far free at Connexion* tutf*:, cnxnru, onwtfeiif colliftl.VI.U -



Chapter 4

Crystal Growth-Bulk and Epitaxial
Film-Part 4

Ciystal Growtl»Bulk and Epitaxial Film_Part 4

EPITAXIAL FILM GROWTH.

There arr two major epitaxial film growth technologies:

Silicon Epitaxial FUm Growth Technology (Low End Technolojo' hence economical) and Compound
Semiconductor Epitaxial Film Growth Tecbltokwy (High End TWhnology bence expensive and suitable fur
nid#>applications).

Silicon Epitaxial Film Growth Teciinolo™- arr further divided into;

Chemical ¥thour Phase Deposition(CVPD) TechrxioKy and Liquid Phase Epitaxy(LPE). LPE '« rela-
tively dieaper hut very tcKir.

Compound Semiconductor Epitaxial Ffcn Growth is adiieved by Molenilar Beam Epitaxy System
wliirh Ne inordinately expensive and in India in a few place* wlly w have MBE systems namely
TIFR(Mumhai), Solid State Pliysks Laboratory(DeNii), Central Elenronlrs Engineering Research Institute
(Pilani), MT(Marlrs*) and CSIO(Cliandignrb).

In Table 3 we make A comparative study of LPE, CVPD and MBE. Molecular Beam Epitaxy is carried
out under Ultra High Vacuum Conditions. This means we are working At U0 Torr wliere 1 Torr is Imm of
Hg. For achieving Ultra High Vacuum we bane to work in tliree stnfle*: Rotary Pump if*iwed iir achieving
10" Torr. Silicon Oil Vapour Pump is used to Achieve 10"Torr and lon Pump is iwed to artneve Ultra High
Vannrni of 10',0Torr. This ultra high vanumi requirement make* MBE equipment inordinately expensive.
Thinequipment Is imperative for Photonir Devices.

CHEMICAL VAPOUR PHASE DEPOSTTIONfCVPD) OF EPITAXIAL FILMS or Chemical Vapour
Phase Epitaxy(CVPE).

In Figure 11, wedescribe CVVPD system tor obtaining Si Epitaxial Films. AcontnJled rimmiral vapour bl
P"to* chemical composition at a precisely controlled flow rate Is passed over silicon substrates. Si Substrate*;
act as the sped ctrargk They are kept at precisely (Tintrolled temperature of 127T)°Cby RF induction lasting
lienee they are placed on Graphite Suseeptors. 'Thtgives a prerise control of Si molenrfen, in vapo” pliase
of partial prewure P, Impinging upon Si Substrate:

(Impingement Rate) F -

rmmt«*m fc avail*hi* online at  httpc ,cn*.or* content m142TC! 11/ *.

BUXORO MU-HANDISLIK-
TEXNOLOGIYA iNSTITUTI

ARM

Available for free at Connexion* =httpe//oix.nr* come* coll V1. /1.1*
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<71 J

Pigure 4.1

Pi«ure4.a

Available ?or frw @l G o M ViM <*ttpc//Cmu*n/rmt*il/<elliei5/1.14>



RF induction cods

Figure 11. Chemical Vapour Phase Epitaxy for growing
epitaxial films of Silicon.

Figure 4.3

JLbb Inr fn* jmCommxinwi - WAK crixark/oot*»* ml 1161V1.14>
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Table 3. Campm fittvr study
ofLPE, CVPD /mA MBE

Very high Eitmi«ly High gnakrv
quahrv films Hifh purify fib matenals
_Relatively Not.«tW (<n Afoonitoly abnipr

__liexpramY__ hrtfrottm rftnti mttrfacot

Difficult to pou ubinpt Ttchmgntirn pow fihns

wtfb ctiockoiaetnc
coefficient fa
to from eqiuhbutun
onmunU# afloyt

By dui techeugm* au
quantum Itiwturt* |
UnsttoUefor cnwW lww 1
Quaatum 1)nkm

Expensive technique
because of tafoa-lugh

New Fqtulibimm Growth .
vacuum legmiemenr

for |
Precise Aloy hoytti tt

FinuPP 4.4

CPVD blwritabk* far H ump K ny bit not for lietero-epitaxy. The bypmduct of thin reaction wHO p
appn from the dvmical equation of reactino:

At 127)nC StCUCSOrao Tetradikiride) - 2H, ~ Sij 44HCL 1

Thw byproduct HCL cun attack the Silicon Suhetmte and cavHp chemical etdung. Henrp Chemical
Reaction w dppirted Eq.(I) is nnmohle.

ba/lKLLI Cvfw K CmwwirM ~tétp»//errfA «wtew/cotIHHVI.H>
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Graph 1. Film groweh rate v* y(Mole Fraction)

Figure 4.5

If y(mole frank*» - SiCli ctinc./Total cane) is greater titan ft23 as seen from Graph 1, growth rate is
negative. Thin im w chemical etching of Silicon Wafer. The negative growth rate is iwed for in-situ cleaning
(I)f Sﬂicon Wafers. Thin b one of the way* of ciiemical etching while pretwiring Silicon Wafers from Silicon

n»=,

If ¥ < 0.23 we liave positive growth rate and Si vapour depositkm takes plane a* an epitaxial tikn. Tlte
ffowth rate is maximumat y - ai . The maximum growth rate is Sy miniite.

Since CVPD is carried out at 127t*C. there i*the problem bl out-difflwion of Arsenic from the substrate
but the epitaxial Isyer. Arsenic is iwed a* buried la>er to reduce the series collector resistance bl Vertical
NPN tranwmc*. Arsenic has my lam dtffusket coefficient still at the elevated tFnp**ratuiv. = 127t". some

is mevnable To prevent this out-diffusion altogether, we use ljqutd Pltase Epitaxy* which is
*hown in Figure 12

UQUTO PHASE EPITAXY.
Phase Epitaxy set up inslxiwn In Figure 12.This is carried out at OftfC lienee the problem
« ouNeerton Is completely prevented hut SUane which k used for IPF is highly teecic. As seen in Figure
n*1**Wtratod .solution of Silane kst at 900°C. By Grapltite Slkter. the silimn substrate m
dfainrS* ’uHsmmth the wed containing Silane. A* Suhstrate citne* in crmtart with Silane . latter is
«1tl» i 110SI&nn *** Hydrogen and SUicon precipitates onto the substrate forming an epitaxial film

JMTBbF Awixe* rwmerfci» AHipe//cmubrjticert«r</cett1S/1.14>
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Piill
Perspective Mew
Super Saturated Solution of Silane M
900 d fp tf centigrade

Graphite Block
Sl Substrate

Graphite Slider

Cros”ec tjonal Meg

7 [ Graphite Block

S| Substrate

Super Saturated Solution of Silaiie at
000 decree centigrade

FIfine 12. Liquid Phase Epitaxy Setup.

Figure 4.6

MOLECULAR BEAM EPITAXY

Due to exploshv demand of Wirekw Communiratinn Equipment there has bren a sudden spurt in demand
of MBE odgiiipimiit* partinriariy of multiple wafer MBE fquipntfvit whirh am tfvp a high throughput
epitaxilh prepared wafera.

Then» are tw*i kinds of epitaxial film growth: Homoepitaxy (name romposition) and Heteroepitax'
(different cntnpontkin). By Mnlmilar Beam Epitaxy, rmikt-byr*red tinn film* bl single rrywtals of dflnent
compositions and of atomic dimension ran he grrmn. In Hfrrt we ran f*bir\v hrtemepitaxy whirl» is the
lialbnark of cnmpound srmkrodnctor devices sorh as Photmir Devices and CaAs MESFET.

MHE is a prorow fnr making cnmpound semiconductor materials with peat preriskm and purity Tlie»*

AvaiUM* Irw free at Connexion  Http://cnxxwAin it/collHHA/1.14>
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oK onT on top of the other to form aemicondiirtor devices such as translators and law*.
X -v devires are iwd In and» applications a* fiber-optics, cellular plkny AL, radar system*. and
niatbry devices. NIBE isitrd fc* fabrication of Super-lattice* and ljrtrro-jimrtion MESFET. Super lattice®
Jrpmodir stnrtiiWi of alternating UKm-thin layers of compound semimrvhrtor.
MBE fovtb pmduccs complex atrurtim of varying layet* whkh arc further procewvd to produce a
anee of efcctremic «id optoelectronic device*, Including liigb speed transisne-s, ligfit-cvnittin* rfcodes, and
JSid state lasers. MBE is a powerftU technique both for research into new materials and layer atnjetures,
and far producing blub-p~rnuwre devices

Safpttre Mem P*rf

Liquid Nfttroftll

i.nofflU< Pnurl
Mate

RHFEI) (iiw

T* \«table apeeé
m ft A Nbitmir
beater nfflr

I*ntz;*o*n (Mm«e for

npt« it 11 Tmt

Ylinr
Sanplle Eukttge Vahe
L»a4 Lark

Flgwi f 1S. MilerAir Beam t>*ax> Set t>.

Figure 4.7

Referring to Figure 13:
The walls bl the dumber cooled with Hquid nitro®m. This rryuHPnir «creening around tlie suhatrate

*Dt  contaminating Atoms and
stratT"  ®crimm#* b»»d Lork-this permits maintenance of Ultra High Vanmm wtiile changing the sub-

atiinTon A rmtai“s tlie solid sr**ve to be evaporated and deporited «n tlie substrate. Tcmper-
Rat™ <M * to g}ve desired evaporation rate.
ot-Hauy Holder- mtatkai of substrate ensures lew* ttian +1W doping variation and in

NmWabl» Intr W M Tanmywu. Tm*nm;lum«n VRO1*1*1 u-»
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RHEED Gun-Reftertkm High Energv Electron Diffraction Gim ¢rT a beam of electron wliirh can he
tnarle incident on the epitaxially gniwn film. The diffracts»»pattern ofelectrons is studied on the fhwpesrem
irrmi. Tliis ahow* n maximum wlien then* is a completed monolayer and s minimum when there ina panial
layer as this pmduces more «raftering. Thus RHEED Gtm Is used fnr in-situ monitoring of the growth «f
the epitaxial film Tono»1s"er hy mono4ayer.

Computer avtfmlled shutters of earh fiimare alkm-s pierise rontrnl of the tliifknmi of earii layer, drm
tn a tangle layer of anrns.

Substrate Heating* to obtain high quality epitaxial layer, gnsrth temperature mu* he relatively high.
The substrate wafer must he heated to alkiw the atoms tn wrat about the surface and reach the propei
ordered rite. Growth tnrt be at s temperature wlicre growth rate is insenatiw of minor temperature
variation. Atom*arming at the substrate airfare may iindergu ahsorptior to tlie surfere, surface migrate u..
incorporation into the crystal lattice, and tliermal deaorptktn. Which of the competing pathways dominate
the grrarth «111 depend strongly on tke temperature of the whatrate. At a km temperature, atoms mill
stirfc when» they land withont arranging property - leading to poor crystal quality*. At a high temperatm..
at«ms will desorb (rervaporate) from tlie surface too readily' - leading to low growth rate* and poor crystal
quality. In the appnipriate intermediate temperature range, the atoms will have sufficient energy to mkm>
to the proper position on the surfare and he innsparated into the growing crystal.

The Inventors of XIBE are : J.R. Arthur and AIM Y. O hio (Bell Labs. 1900).

MBE is a technique ftir epitaxial growth of single crystal atomic layer films on single crystal substrata.
It gives precise control in chemical composition and doping profikw. To avoid contamination of the epitaxial
films. Ultra High Yannim within IMBE chamber is imperative. It requires Very/Ultra high vacuum (1(T*
Pa or 10',,TorT). This implies that Epitaxial film is grown at slow deposition rate (1 micron hour). This
permits epitaxial growth of single atomic layer if desired. Slow deposition rates require proportionally better
vanmm. [Htra>pure elements are Imated in separate rpu«4*kniidson eftision cells (eg., Ga and As) until
th*y begin to slowly sublimate. Gaseous elements then condease on the wafer, where tliey may react with
each otlier (e.g" GaAs). The term bw T in MBE means the evaporated atoms do not interact with earh
other or with otlier vacuum chamber gases until tliey read» the wafer. Earh gas beam may he turner! <n
and off rapidly with a shutter or a valve. Beam intensity (called the flux) is *ijiwted for precise contnA
of layer mmposition. A collection of gas molecules moving in the same direction constitute the molecular
beam. Simplest way to generate a molecular beam is Eftisinr cell or Kmidsen cell . Own contains tlie
material to make the beam. Oven is connected to a vacuum system through a liofte. The suhstrate is located
with a line-of-sight to the oven aperftae. From kinetic theory, the flow through the aperture is simply tlie
molecular impingement rate on tlie area of the orifice. Impingement rate is: The total flux through the liole.
The spatial distribution of molecules from the orifice of a kmidsen cell is normally a cosine distribution.
The intensity’ dmps off as the square of the distance from the orifice. Intensity is maximum in the direction
normal to the orifice and decreases with increasing #, which causes problems. Use collimator, a barrier with
a «nail hole; It intercepts all of the fibk except for that traveling towards the .sample.

During the MBE procem, growth can he monitored in situ hy a number of methods:

Rejection high energy electron diffraction (RHEED), using forward scattering at grazing angle, which
shows a maximum when there is a crrapleted monolayer and a minimum when there is a partial layer as this
pnidires more nattering:

Law enerjo* election diffraction (LEED), takes place in hackarattering geometry and ran be used to study
surface morphoioRyv, bit not during ffowth:

Auger election speetrosropy (AES), records the type of atoms present;

Modulated beam maw spectrometry (MBMS), allows the chemical species and reaction kienetirs to lie
sturfiedL.

Computer onntrolled shutters of earh fiimare alkm-s precise control of the tliicknew of each layer, down
tn a single layer of atoms.

Imricate stnrtires of layers of different materials can be fabricated tliis way e.g., srmicondiictor lasers.
LEDs.

BeCrte starting the epitaxial growth, in-situ cleaning of substrate Is required. This is achiewd by High

YaitaM* fnr at Connevknw « Httn: *mv~wc'cnntewt /«elltaili/1.*4>
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T neratun’ Bakii* of the suhrtrate. This decomposes and \*ponsps the cedde layer over the .«aih*trate.
Tbp «poind method o f IN-Situ cleaning is km- energy km beam bi inert ga* istwed to fipitter dean «1r surface.
\fter the flittering to* temprraturr anneafcing is required to reorder the mirfere lattice extern.

If then* * a Uttkv mismatch between thf siihstrate and the growing film, elastic energy in accumulated
* the growing film. At **ne critical film thickness, tlie fim may break crack to kiwer tI* free enerfy of the
Sm  The critical film thickness depends on tlie Young’s moduli, mismatch ro«, and surface tensions. Hence
iindpr heteniepitaxy. we miwt keep the thirknum lower than critical fibii thickn***.

Figure 14 sliows the physics of epitaxial growth in XIBE system. . Tlie aim of this pawens is to enable
sliarp interfaces to be formed between one type of alloy and the next e.g. GaAs and AlAa, and thus create
stnictnres which may confine electrons and exihit 2-diinenHional | behaviour. Molecular Beam Epitaxy
(XBE-1) to harically a sophisticated form of vacuum evaporation.

I Growth
I Direction

| w

Fipu f 14. Molecular Beam Epifan powfli mono-lavei by
famr or atom layer by layer.

Figure 4.8

METAL organic chemical vapouh phase DEPOSITION>
The growth pronrp* in MOCYD (metal-organic CYD, also known w MOVTE metal-»*garlic vap«Nir pliasr
adAnSwi A st MBE, blit the atoms are carried in Raseous form to tlie *ul*trate. GaAlAs growth is
by ttsing a mixture of hydrogen as a carrier gas and organotnetallic prenimrs audi as trimetliyl
**}  ortrimethyl aluminium togrther with arsine. The growth rate can be 10 time* greater than in
°f <T*mnLPromwW sk od lirp 1A vacuum and it can be scaled up from respmrh to production
rar,, relatively easily. Howevrr, tlie preparation of tlie gaseous mixtures lias to he very
MOVPF m ,hat x h Is unclear which technique will eveniully dominate. One arfoutfagp
N TT » In the ability to jjrcw phosphorous containing aliny*. <*xv phosphor™> has been

11 X »«* AP uk/SFTFpK «bnl mhe htmmh*

AvJUhI* Inr fn+ m Cfmrwxirma - btte;'/n a n * >Ymt#vrt /WAMTM9A/1.14>
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introrfurvri into an MBE diamber it to fUmmwt imponrabie to ffnrn Anything «M  One diMftotfitngp is that
in fritu monitoring w more diflioill.

JwvbbeE far fn* at Connexion™ <'I*tpe//cnx”gonntffiit/cdliein/1.14>



Chapter 5

Tutorial on Chapter 1-Crystal and
Crystal Growth.'

Tutorial on Chapter I-Cry*tal and Crystal Growth.
1. Give thp percmta#* parking of Fatv-Centewd-Cuhe ? |Ans.74%)|

Method:
FCC rrystal ha* 8 atoms at the 8 oornei* of the cube and 6 atc*as on the 6 fares (4 on side face»; 12 on

the upper and kwer farw).
Therefore N —the coordination Number - the number of atoms per unit cell - (8x1/8445x1/2)- 4

atoms per unit cell.
The atoms are solid n>}eresand are rlosefy jwiced so that the atom at tlie renter of the fare are touching
the 4 atoms on tlie Inur comers of the fare as shown in the Figure I.

’Thin content mavailable online at . Http;/, rox-or* content T4A491A/1.1/>.

Auvailable for free m Connextorw « Httpt//mx/w* content roll 1*1ft, 1.1t>
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CHAPTER 5. TUTORIAL ON CHAPTER I-CRYSTAL AND CRS'STAI
GROWTH

Figure 5.1

Inspecting tlie Figure wp find that:
IB tbnpona] Of the £nrr-na/2.
Therefore R/a - 4Y2/4~1/(2yR)

petkinaratio-22-"17- & - # q « - PO x A)x o1 « (A)-xxALaT4
Figure 5.2

Therefore pAriong p*rmitAgp to FCC rtyTnb m 74%.
1. Give the percentagr pnrking of Bod>'-Centeml-Oihe ? |AnH.686

Ul bbs *wirw at Moesmevionn <bttp:/fwx.nrftfooi**iH /cnll MATVL144»
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BCC crystal w38 atumn al the 8 comm of the cube and latcu at the center of the C\he. Tlierefnre
w  the coocrimatinn Number  the number of atoms per unit cell - (8x 1/8+1)- 2 atoms per unit ceil.

The atonw aie snlid «plieiw and are doarty packed /»that Hie atom at the center of the Cube ts touching
tlie 2 atonv on the two comet™ of the ettw diagonal of the cube s* rtiown in the Figure 2.

Figure 5.3

Inspecting the F»*ure we find that:

TOM <ivacngl oftlle Cube awa
Tn n»R/a -

AvmiUhi» lor frw at Chmwrfcwi  htty //ew*ywyrnnfmm ‘rnl 1HU* 11-4 »
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X GRmili
) MV o« 2+ 8 A I Vj, 8 WwWI VI
packingratio« an = =px.,Q* =5«x(=) - 5»(T )*=5, x— -* T =<l
Figuw 5.4

Therefore packing percentage In FCC crystals is C8%

1. Determine the ronductingeiecirons density in PCC Cu where the lattice parameter in3.6 Asptmni 7
[Am. B 734x10x/wws|

Copper « univalent crystal hence earh Atom contributes one electron. Therefore atomic density gives the
conducting electron density.
Coordination Number of Cu - N * 4 Atoms per unit M |

Unit cell volume is s* .
Tlierefhre Atomicdmnty - txmducting electron density - 4/ (**) —&5734x 1(A*/T* ~ 8.3754x10” <.

1 Si, Ge and GaAs are aO diamond crystAl ntnrture. DiAmord structure is twWo interpenetrating PCC
crysfnb with one sub-lattice dtflplared w j.t. the other Akmg the cross diagonal bl tlie cube by a quarter
ofthe cross diagonal length. In cm» of Ga As it is ZincBlende cubic stnicture which lias one sub-lar tice
of Ga And tlie other sub-lAttice of /1s.

Find thp wight density of Si,Ge And GaAs. Given Avogadro Number - N**, -6/12* [O”atoms gm-mole,
Si, Ge And GaAs liavr Atomic weight of 28.1, 72.C And 144.03(mean-72.313 respectively And the Iattice
parameters are 3.43A\ 3.646/1c and 3.6333A respectively.

[Ann. 2.33gm/or. i37gmcc And 5J2gm ‘cr respectiveb'l

Method:

Coordinatkm Number -N - 8 corner Atoms i O £ace center Atoms | 4 body center Atoms- (1/8*8
1/2x6—4)- 8 atoms per unit cell.

Therefore Number dereaty - v - 8/s»- 4.9967*10» atOMSCC, 4.443 *10" alomi/ct, 4N1277 *1<A
Atitns cr,of Si, Ge And GaAs respectivefor.

Weight ofone atom - (AWgm/nmie)+ (Naw> Atoms/mole)- 4.06* Iff-23gm Atom. 1.137*10* gm/Atorn.
1.244* 1CI» gm. Atom of Si, Ge, GaAs respectively.

Therefore weight density - Wt of one Atom X N* - Wright Density- - p

Therefore density of Si~4.99G7> \CP stotwi/crx4.0677x 10** pn, Atom 2.33gmcr.

Therefore density of Ge-4.4493x 10r Atoms/crx 1.206x I0"3 gm, Atom 3/1BAn cr.

Therefnre density of GaAs 4.42771x 10" Atoms/ccx 1.2012x10™ gm atom 1318gm/cr gm/cc.

1. ASilicon Ingni should have a P-Type doping of 10ll,Boron Atoms cr. In a Czncharfoki CrystAl Growth
set-up what Amount of Boron element by weight should he added to a Si melt of NeKg. Given: Anmi*
Weight of Bwon - 10/, Segregation Coefficient- 0.8.

|Answer; About 6 nrilli gm|
Method:
Let Solid PbaHe conrentration of Boron - Cs »
Let Liquid Phase concentrAtion of Btvon —C |.;
By Deftnitkm, segregatkm coefficient - csa 7 Q- « 0-8.
Thetetnre Ci. - (KVe/rr),U8* 1.23* 10" Atoms/cr.
Veitme of the XfHt - Ve - (Weight of the Si-Melt)//* - (OOxHf gm)/(2*3*n or).

Yansbl* lor free u} - /ltnvjwg/nmim* /co» IMWS/1-14">
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Ttieivfiirr Vo 25.75* 10* or. X
\n of Borm atone* to be added Vo* Ci. - 25.75x 107 cr x 1.25* 10,eAton»/cp-No.

TVivforr No “ 32.2x 10* Boronatom* to he wirier! to the whole melt.
Number fIf|0D4BalM of Boron wqoirrd ~ N®
- 32.2x10* Boron Atome/CXKxIO2* Boron Atonw/*m-mole  5.340XWI 4 fIMBOIi.

Wright of Boron required o .

prvnxOpxAtomir ~5J49x10# /gxwnoiex ia8gm gm-mole  5.78 million.

1 Alayer of 10*mrhrk epitaxial film bltn he deported ona Si Suhmrate by CVD method. For I ki
should the subtmir siiy in the CVD own At 1270°C if the «aH mixture of *aHeH is in tlie Wlowin*
concentration* in WwT/eG H2in2.04x 10,e and SiCU 1 Ox 1(/T.

Giwni

Opposition It<n|M fat«r«., 12/0“C

b
£

[»<p< T 1
2

4

. K

e.1 o * 9.3 4 e S
fraction SICJ4A m H,

Etching

Figure 5.5

» ratIIiI" "|ﬁfl’LW**\AH" roertl) RAle(mirronii. min) vs the Mole Frnrtion(y) oi SKIf At liifclier omcen-
Tt frartkei > 07275 iiwtim nHmMng omir*.

Fw
A e Flgure he following Tbhle bl* «er*«l:

farw  * rWvHone -:Mtp;//crTx -mmett/fOl1lieiR/i.14>
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32 GROWTH

Mole Flection | Growth R*t*<mkrans, min)

0025 \A
(LLs0 U
0073 4A
0104 3N
0123 A
0120 3.6
0173 Z9
0200 11
0223 13
[02Q0 Oi»
l0275 0
0JU0 -O*
Ibbfe 6.1

In the above table the powth rate inthe nu result of two competing reactions:

Forward iwtkm wliew SiICU p derump*i4ngat 1270eC anrl aiding the Si epitaxial growth and Backward
reartkin wtiere HCI vapour inetching the Si wirfare m-*itu.

From low mole fraction to 0275, forward reaction dominate*. At 0273 the two competing react are
halanred. Above mole fraction 0275 backward reaction prevail* re*uhmg into etching of the Si surface ,/
the nuhatnite.

In our problem the Xlole Fraction i*:

. o Conc.ofSiCl4
Mol Fraction = &55e"5% 2+ Cone of StCl4

Fi/pitm 5.6

From the Graph, corte*x*x*ngtoy- 002, the growth rate is 1.3mirrnns per minute.
Therefore 10 mimaw will require 47 minutes of exposure ia CVT) FNimace.

1 In a Molerular Beam Epitaxy System, find the time recyiired to form a monolayer of Oj at prenm*
1 Ton-, KT"Tnrr and 10-,0T>m. Given Chcygm Molecular Weight - M-32 and Oxygen Molecular
Diameter - 3.43A°. Assume that the mono-layer i*a close pack atnrture.

|Answer: 2.43x U™ *ec, 2.43 Hec, 6 ho«r*|
Method:
Surface Concentration of the cloarly packed momd4ayer of Oxygrn Molecule*- N* .

* V lbr frzz. St C5rT{~m Tl 1L »]1* fnt* —e/rallVaiK/1.14 >



lcm2 lcm2 . 4
Ns * = = * 1k 10ie/lcm*
Jd3Im1 J(34S X10-*cm1

Figure 6.7

Let the time iwjuimi fnr monolayer of Oxygen formation be to wliere te-N*/4
Whfir ¢ Impingement Rat#* of Oxyyjm moleniles <m Substrate Surfarr in MBE BHL Jar.

P 3.51X102rXP'(Torr) , . , 4

0 - , molecules J(cTn*.>K )
jb.MT M XT(K»lvin)
Fi*ur* 5.8

Hen* M-32 And T -300K and P inthe anmvpondmg prats» in Torr « whxii tI>e time ft» m»w>olayer
growth is to be CfilniUtrci.

P(Torr) 4»(impingement rate) to (unite of time)

1 alexia»1 2At*

1x10* o <107 28&*¢c

{x/O-10  OmMIO” 27914a-7.7A oitr
Tnl.le 5.2

Thin problem rlaritie* why MBE require* a wiper Vacuum to CahricAte slable and reproducible devices,
in* m prerinHy wiiy »ming Compound Semkrnductors is pmhihithvfy omtly and we are kmiking for alter-
native to Compound Srniioinductors.
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Chapter 6

Syllabus of EC1419A Electrical and
Electronic Materials Science

EC IXIQA Electrical k Electronic Material

Revised Syllabus with effect from senion 2011-12

bT-P: 5-0-0 Credit: 3

1. Band Theory of Solid» Energy Band Dia“am. E-k diagram, reduced E-k diagram. insulators, mets
conductors and conductors (6 lectures|

2. Dielectric Behaviour of Materials: polarbatkm. dielectric constant at low frequency and high frequency,
dielectric Tm, plero electricity and ierro electridty16 lectures];

3. Magnetic Beliavknir of Material» diamagnetism, para magnetism, firrromagnetism and ferrimagnetism;
soft and liard magnetic materials and their applicatkms |C lectures)

4. Semiconductor- single crystal, pnlyrrystal and amorplious; Rrnni-Dirac Distribution: Hall Effect;
Intrinsic and Extrinsic: N-type and P-type; Crystal Gn svth-(1) preparation of electronic grade polycrystal in
Siemen‘8Reactor (2) CsorhrarUwki Metliod and Fk>at Zone Method ofhulk single crystal ingot pteparatk>i<3)
minor finished wafer preparation (4) Epitaxial Film Growth- Cliemical Vapour Phase Deposition K Liquid
Phase Epitaxy (3) Molecular Beam Epitaxy 112 lectures]

3. Concept of Phcsmns- quantization of lattice vibration |2 led ure*|

6. Special classification of Semiconductor Materials- degenerate (semi-metal) and non-degenerate srmi-
ronductor, elemental and compound «pminnoductcr: direct and indirect band gap material (3 lectures)

3 Igc.tSupserconductor*— lawand high temperature 0*BaCuO) supeminductors; Meissner Fifect. appfceations
ures)

8. Special Materials. Nano materials (ZnO, THO2, burkeyhsll carbon and graphene). semiconducting
pnI%[nera, erX|bIe electronic materials, meta materials, smart materuAs.

ext

References.
1. Principles of Electric Engineering Material* and Devices by S.O. Kasp, McC.raw Hill;
cv-wl " Properties of Materials Vol V1. electronic properties by Robert M. R«*e, lawrerwe A

"oppnerd and John Wulf, Wiley Extern Itd;
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Chapter 7

Chapter 2. Solid State of Matter.

Chapter 2. Solid State of Matter.

«It to evideat that aiaav yean of retearch by a great maay people,

both before aid alter tie dtoacovery ol tie traaslvitor effect ha» beea required

to brtag the kaow ledge of temtcoadactors to the preseat developneat.

We were fortiaate to be lavohed at a parttcalarv opportuae time aid to add aaotber

snail »tep la the coatrol of Nature for the beaeflt of Biaklil.

Joha Bardeea. 1956 Nobel Lectire.

Figure 7.1

We Here tAught In our high school tliat Hiere are three state* of Matter
Snlkl- it lias a fixed volume and fixed shape.
Jjgwiid- It ha* fixed volume but it tabs tlie shape of the vessel it ta kept in.
Inw00 *t4l volume and no fixed shape. It take* the volume and sltape of Hie >w | it is krpt in.
om **ftwrhided tliat in Gaseous Statr inter-molecular distance is not fixed and the arrangement
tnnlenik» Is not fixed. Wiliereas in ljqilid State inter-molecular (Ustanre e- fixeil hut the arrangement
t>e mnlecukv is ant fixed. In contrast in Solid State inter-molentar distance is fixed and as well  the
JjnatiflPtiu.J  the molecules is fixed. In fan every elemental or mmpound solid lias nwrfl defined crystalline
rtivre. Every Solid has a characteristic Unit Cell and this is periodk'alh- repeats! at an spatial distance

*
’

Ul
Pr®™1fOUmaafy found Unit CeU strictures are: Cubic Cefl, PCC Cell and BCC Cell.

mm T,aw *****p"*"Mk*V h nabl Single Crystal.
NtoftJJT perloirlrity is knnm ash”NijataL

InPteft. o periodicity is known as Amorphni*,
— —y e 2.1 sin”e crywal, poly crystal and amntphrsis solids are slmwn .

wxxrxx * kykHEWeonHN# at  httpe  Tx«nryronterrt nUAAM/1e!/>«

Auvalable wiir**at (‘'mnfrrud <httpc//cnx/»it contest, coll I8L/1/1.H>
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CHAPTER 7. CHAPTER 2 SOLID STATE OF MATTER.

Figure 7.2

We subsequently kfirni that there was a FOURTH STATE of XUtter namely PLASMA.. XfAtter aUs*
4000K isin plrniu stAle. The wliole Universet o ina state of plawna up to '\W0,000y m n After the Big-Bang.

Now w know a FIFTH STATE of nuitter rAlled Mosr-Elnstein Condensate at . fraction of Kelvin.

Section 1.1. Aliny- Solid Solutions.

Only a lew element* ar» widely w d commercially in their pure form. Clencrally. oilier element- aie
present to produce greater strength, to improi* T Ta n r resistance. or simply as impurities left over frcfn
the refining process. The addition of oilier elements into a metAl is cafled alloying And the remitting meul
incalled nn Alloy. Even if the added elements Are nonmetAl*. Alloy* may still have mHalik propertw-

Copper alloys werr produced my early Inour liistory. Bnewe. an Alloy bl copper and tin, was tlie first
Alloy blown. It was easy to produce  «imply adding tin to molten copper. Took And weapon* m*ie d
thin alloy were smviger tlum pure cnpper cren. The typical alloying elements in snme common metAb are
presented in the table hebiw.

Table 2.1. Some ImportAni Alloy* And their constituent element*.

Alloy* Composition
Braw (npper.Ziix

Bronse Copper, Zinc, Tin

1 Pewter Tin, Copper. Bisnsrth.Antimony
Cast Iron Iron, Carbon, Manganese. Silicrm

f Steel boo, Carbon(piiwother elements) ,

Staikw Steel  Iron, Chromium, Nickel
Nble T.I

The properties 0f Alloy* can he mAnipulAted hy varring cranpositinn. Fnr example steel twined from **
And carbon can vary substantially In hardnean depending ON the Amount of cartxti Added And the why =
which it was processed.

Section 2.2. General Material Classification.

VaiUM* fr.. free at Connexions <http://CTx.ofg/rratriit/colLIMH.V1-1*>
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Baaed «1 atomic bending forces, matter is classified in three dames naiwh: metallic, ceramic and
Jvmerir. TI*w three classes can he further combined to”rtljer to finmi comporiteR. In Figure 2.2. w
ala«tntfe tbe tluee dames and their onmporilm.

Metals: Polymeric:

(1)Ferroes Metals and Alloys. (1)Thermoplastics.
(2)Non-lerrous Metals aad (2)Thermoset Plastics.
Alloy* (3)Elastometers.
\IckeLTltailum.preclous

metals, refractory Composite:
metals,supeiillo%%. (DRe Inforced Plastics.
Refractors Metals are highly (2>Metal-matrU composites.
resistant to temperature lor (3)Ceramlcmatrtx composites.
exampletNIoblum.Molybdenum. (4)Saadwlch Structure.
Tantulum.Tungstcn.Rhenlum. (4)Coacrete.

Ceramics:

(1)Glasses.

(2)Glass Ceramic.
(3)Graphlte.
(4)Dlamoad.

Figure 2.2.The three classes of matter and their composites.

Figure 7J

Section 2.2.1. Metab.
Metab account Inr about two third* of al the elements and about 249? <4tlie maw bl the planet. Metals
Properties including strength. ductility-, high melting points. tliermal and electrical conductivity,
j . W***- Fto» the periodic tahle. it ran be swn tliat a large number «/ the element* are clamitied a*
;2 *n*t*l. A W* of the common metabt and their typical vHes air presented below.
Common Metallic Material*
Il *Uov* are uaed for mtength critical application*
innm*~Jmin,mi * ~h [n“nil,n and H* alien* are uaed becatpp the}* are easy to form, readily available,
§3}O Ao UrerUhkt, o L L
dfrthir*] )N i A "W " AB* haw a number of pn*»rtte* that makr them umftil. including high
UlTha i * -9 crtklur#s£* high durtUHy, and jonod comwion rmfctance.

~PonentijLt *Boyi are inerj b *frength in higher temperature (*1000 * F) appttratk*). when
ron<vVim’  AJ1n *ood comwKjn resistance I* required
Neod rrrremul. {:* are (Med Inc still JLF1*r temperature* (*-1500-21)00“ F) applications or wiien

**noe I*recpdred.

NnMabl** for free ai CVmnrxinn* <Http: T*.nry crmm*/rnlIMM 1/1.14 >
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<)smgUN MM KW (») My crru* wm UUt— %t (ralBt  (rpMM
npwl.1. Cmp Seilfif Wi|tf fiyitii» PbP- trnttl ml
Figure 7.2

We *uh*pquently kwnt that there wan a FOURTH STATE of Matter namely PLASMA. Matter ahow
4000K inin plaema «fate. The wliole Urriverae wa* in a mate of plaama iip to 380,000 year* after the Blg-Bang,

Now ***kn<iw a FIFTH STATE of matter railed Boer-FImrteln Condmmto at a fraction of Kelvin.

Section 2.1. Alk"y- Solid Solution*.

Only a few element* are widely ifieri commercially in their pure form. Generally, oilier element* are
preHpT to produce greater strength, to improve mm «or rmstance. or simply ae impurities left over fram
the refining proresk. The widhkm of other elements into a metal in called alloying and the muhinx metd
incalled an alloy. Even if the added elements are nonmetal*, alloy* may «till havp metallic propertirf-

Copper alloy* were produced very earty In our history* Bnroe, an alloy of copper and tin, was tlie first
alloy known. It wu ea*y to produce ty simply adding tin to molten copper. Took and weapon* Tnk 1d
thi* alloy were utmnjpr tlian pure copper one*. The typical alloying element* in wane common metab arr
prwnterl in the table helnw.

Table 2.1. Snme Important Alloy* and their cnnatjtuenl demmt*.

Alloy* Composition
Br-is* Coppermine
| Bronse Copper, Zinc, Tin
1 Pewter Tin, Copper. Btamith.Antimony
Cast bon Iron, Carbon, Manganeae. Silioat |
[Steel Iron, Carhon(plii* other element*) ,

Stailew 9teH  Iron, Chromium, Nickel
Thbble 7.1

The properties of alloy* can be manipulated hy varying crmporitkm. For example weel liamed fn*n ft*
and carbon can vary substantially in Itardnem depending on tlie amount of rarhtfi added and tlie way &
wimeli it weff procewed.

Section 2.2. General Material Classiflcation.

AsailUMr Kir fret» at Connexions <http://cnxuwil/onnt«4it/col1Hn.V1-t4>
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3parH on Atomic bonding forces, matter in classified in thm* rtomes namely: metallic, «vramic and
iymenr. TI*w» thrw clahhpk can he further combined together to innn compcritfK In Figure 2.2. we
iUurfnac thr tliree <4s*ra and their o inipoatc*.

Metals: Polymeric:

(1)Feirois Metals aid Alloys. (1)Tbermoplasties,
(2)Noa-ferrons Metals aad (2)Thermoset Plastics.
Alloys (3)Elactometers.
NlickeUTIltailam.preclous

metals, refractors Composite:
metals.superillo\s. ()Re laforced Plastics,
Refractors Metals are bigbly (2tMetal matrU composites.
resKtaat to temperature for (3K eramk* matrii composites.
exampletNloblnni.Molybdeiium. (4)Saadsricli Structure.
Tantulutn.Tungsten.Rhenium. (4)Coacrete.

Ceramics'.

(1)Glasses.

(2)Glass Ceramic.
(3)Graphlte.
(4)Diamoad.

Figure 2.2.The tfcree classes of matter and tfceir composites.

Figure 7J

Srctk»n 2.2.1. Motab.
A “bout two thirds o falthr elements and about 24% bl tlie maw bl tin* planet. Metal*
and/" T Grinding strength. <librtility. high melting point*. tliermal and elerthral mndirtnity.
j . ~Modnex. From thr periodic tahle. it ran be auu tliat a large number of the element* are classified as

r?2*1t*¥ur A~ of the common metal* and tlieir typical nHes air presented below.
Common Metallic- Material*

ttIAIT A *\Wwis are uard fnr *tlength critical application*
IneTn#ANJIMIC 11 * ll\l/ll;]lll-hﬂl and it* alloy* are iwcd becatpe the}- are ea?*v to form, readily available,
reryrlahle.

‘5 ° A FXUW * glloy* haw a number of pmfwrtiew that makr them uarftil. including high
U)Thani ™ mAKhirtivit>-. high durtUity, and good corrosion nwfctance.

rnmprment ij LI". | n ol ** «trrngth in higher temperature (MfiOO ¢ F) application, when
(N\m U |xy |[Amrimn, or wlirn good romaon resistance I*required
emd rrrtrmul w _,w*d for Kiill higlier temperature (-1/1/1-211M)- F) application* or wlien

FHRXFFF s rArimi.

«or fa» * Connr*ion* <totjk cn*.n»* rrrww/cnNMI14/1.14>



CHAPTER 7. CHAPTER 2. SOLID STATE OF MAT'TEL|

(6)Rrfrartnry material* we ined for the highest temperature (> 21X1)0 F) appHrationa.

In metal, the lattice renter» are immersed in a wn of condoning electrtaw. Theae conducting dKtmru
ftp* mrtalic bonding which is nvllembke and dtartile. It doe* nnt haw brittlenem. Plus W in conductlvr

Section 2.2.2. C#r«mk».

A ceramic ha* trarfctkrvUK hem defined aft “an inorganic, nonmetallic «nNe that is prepared from lad-
dered materials, K fabricated into product* thn nigh the application of heat, and display* mrti characterbl *
properties as hardnem, strength. Wr electricaJ conductivity. and hrittlenesR." The word ceramic comes tr*
from Greek wnrd "farramikm", which mean* "pottery." They are typically crystalline in nature and arenrv
pounds firmed between metallic and acnmetattr elements such an ftluminmi and oxyjpn (ihnhift’AljO”,
calcium and ckypB (calcia - CaO), and filicon and nitrogen bllicun nitride-SAN*),

The two most raTnmT chemical bond* for ceramic material* are covalent and ionic. Covalent and ionir
bonds sre murh stn>nger than in metaflic Ixmda and, generally «peaking, thin i* why ceramic* are hrittk and
metals are ductile.

Section W . Polyinew.

A polymeric solid can he thonglr of a* a material that contains mam' chemically bonded part* or unit*
which themselves an* bonded togpther to form a solid. The word polymer literally mean* "man}* parts.” Two
industrially important pcilymeric material* are plastirs and eiashmer*. Plastics are a large and varied group
of nynthetic material* which are pmcewed by forming or inriding into *hape. Jiwt a* there are mam- type
of metals audk as aluminum and copper, there are many type* of plaatics. *irh a* polyethylene and nylon.
Elastomer* or nibber* can be ebstleafy deformed a large amount wlien a farce is applied to them and ran
return to their original riwipe (or almost) wlien the force i* reieasfd.

Polymer* liave many propertied that make them attractive to line in certain conditions. Many pobnmTc

(1)are lea* dense than metal* <r reramir*,

(2)rew*t atmospheric and other form* of rorroskri,

(3)o/ler good compatibility with human tissue, or

(4)exhihit excellent resistance to the conduction of electrical current.

The polymer plastic* can be divided into two classes, thermoplastic* and tirmrwetting plaatics, depetid-
ing on how they are stnrturally and chemically bonded. Tbermoplaatic polymer* ootipriwr the four rmst
important commodity material* - polyethylene, polypropylene, polystyrene and polyvinyl chloridp. Tlkw
are al*o a number of *pecialhed engineering polymers. TIr* term ‘thermoplastic’ indicates that these mate-
rials melt on lieating and may be processed by a variety of molding and extnision teciiniques. Ahenwtrh.
‘thermosptting' polymer* can not be melted or remelted. Thermosetting polymer* include alkyda, amino and
phenolic resins, epoxies, polyurethanes, and iinsaturated polyester.

Rubber is a natural occurring polymer. However, most polymers an» created by engineering the combi-
nation of hydmgpn and carbon atom* and the arrangement of the rfcains they form. The polymer molenil**e
a long chain of covalent-bonded atoms and secondary bond* then hold groups of polymer chains u*ptU Tto
form the polymeric material. Polymer* are primarily produced from petroleum or natural gas raw product*
but the imp of organic suhstanrvs is growing. The super-material known a* Kevlar i* a man-made polynrr-
Kevlar i* u*ed in bullet-proof vesta, *trong. lightweight frames, and underwater cahlrs that are 20 tirnff
stronger than *»eel.

Section 2.2.4. Composites.

A composite i* commonly defined aaa combination of two or more distinct material*, each ofwhich retail*
it* own rfietinrtive properties, to create a new material with properties that cannot be achieved by any rf
the component* acting alone. Uring this defirotwn, it can be determined tliat a wide range of engrneettf*
materials (all into this category. For example, concrete is a composite because it ina mixture of Portland
cement and aggregate. Fibergla:v slieet isa composite since it is made of glass fiber* imbedded in a polyn**-

Composite materials are mid to have two pliases. The reinforcing phase is tlie fiber*, slieet*, or part K**
that are embedded in the matrix phaae. The reinforcing material and the matrix material can be met®
ceramic, or polymer. Typically, reinsuring materials are strong with low densities wliile the matrix i* upiafly
a ductile, or tougfr, material.

Some of the common dasnfication* of nmposites are:

NyaitaMe tor free at Connexions <httpe//anun a|/<n M /rollHNS/1.MV
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* Reinfe»rrcii plastic*

*  MrtAKmatrix nropostes
e QnniMiMtijK composite*
. Sandwkii mnirtiirw

e Cnnrret*

Mowpsa”e materials can take many farm* but they <%m be separated into three categtries hased < the
stiengthening mectwnism. These categories nre dispersion strengthened, piurtirle reinftvred and fiber rein-
f rrrd. Dispenooii strengthened nimpirites Iwtvr a finr distribution of secondary panicles in the matrix bl
the material. Thwe particles impede the rnerhanwms that allow a material to dHbm. (These medjanisms
include didocation movement and slip, which will be dirritftwd later). Many metal-matrix amprrites would
(all into the dieperskin utrengtliened mmp.rile category. Particle reinforced composites liavp a large whime
frartkn of particle Aspersed in the matrix and the load inshared by the particle* and the matrix. Mtist com-
mercial ceramic* and many filled polymers are particle-reinforced competes. In fiher-reinfcireed compcrites,
the fiber is the primary lond-liearing component. Fiberglass and carbon filter composite* are examples bl
fiber-reinforred composite*.

I1f the composite is designed and fabricated corrertly, it combines tlie sI*ength of tlie rein&nrrment with
the toughn«w of the matrix to achieve a aombbatfcn of deferable properties not available in any single
conventional material. Some composites also offer the advantage of being tailorahle so that properties, such
as strength and stiffness, can easily be diangrd by dianging anxmnt or orientation <ftlie reinfcrcemenf
material. The downside Is that such composites are oden more expeashr than TrTuxtonal! materials.

Section 2.J1. Tlie Atomic bonding In Mutter.

It should he clrar tliat all matter is made of atoms. Fmm tlie periodic table, it can be sren tliat tliere
are only about 100 dtfletem kinds of atoms In tlie entire Univprsp. Tliear same 100 atoms farm tUnisands
of different substance* ranging frnm the air we breathe to the metal used to support tall Isiildin®. Metals
behave differently than ceramics, and ceramics Wiave differently than polymer*. The properties of matter
depend on which atoms are used and how they are bonded together.

Tliere are 4 kinds of atomic bonding:

i.Metallic Bonding.

ii.Covalent Bonding.

iii.lonic Bonding.

iv.Van-der-Waal Bonding.

ADchemical bonds involve electrons. Atoms will stay close together if they liave a sliared interest in <vee
(f "***electnms. .Atoms are at their most stable and diemically inert form wlien they have no partially-filled
election shells surh as Inert Gases /Noble Gases Rare Gases such as He,Ne, Ar, Kr, Xe and Rn . Tliese are
odi*irlesB, mlorlefw, mnnoatomic gases with very little reactivity hence they are called Inert Gases.

In Table 2.2 and Tnble 2/1 the salient parameters and tlie electronic rf*41 oonfiguratkms tlie \«ihle

*aHeB are givpn.
T/ble 2.2. The salient parameters of Noble Gam*

#miUhw far W at Connexion* <httpe//aabsILLy/BLUT/cbI1M IA /t.t4>
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B.P(K) M.P.(K) z*
4.4Brkm 4.4K t19j8nUrl 2
Hr é M m > Hr fntuui |t
prHiiktky thr Cnae of
Jlcpiarr It
ndmvw  liki'
mrtal
27J *4.7 10
«7.4 L 18
1215 118 30
106.6 161.7 54
21U 20G.2 86
Ibbte 7.2

«Z ~ Atomic Number.
Table 271 Shell Structure of Inert Gm Atom*.

Gm

"He

Rn

10

36

86

K- L- M-
Shell(n—1 8hell(n-2 Shell(h—3

w

NV
32 V
23V 32
VAR
la* 2» VvV it2
VAID
la2 23V 3a2
VW0
Ibhte 7.3

Atomic m- tonfcetkmK,»
diue(pm)
31 24)
38 21N
71 10
88 14
108 12
120 n
N- O- p-

Shell(n—4 Shell(n—6j Shrll(n-e)

4aa Ape

\
V.4d*°

4a5 or2
Ape 4dMVEAF W M

ft3 A>'

Ibble 2.4. Simplified Shell Structure of Inert Gan Atome.

Gm Z
Hr 2 la2 1
Nr 10 Hr > v |
Ar 18 Nr 4 Npe T
Kr 30 Ar Mw 1432 v
Xr 54 Kr 4dn ] A2
| Rn 86 Xr 4f4 13d™
TblUT* 7.4
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K, L. M, N, Oan! P-Shellam major 9 h-Urcinespdiding to the Principal Quantum Number n - 1,2,3.45

AW ritfn furh Sirfl tbm* arp Sub-Shpfl* 5, p, d and |
lerr wi- will hiwfly dwnwi the Ppriodir Tahie
principal Q M fIM Number n  gh** tj* ffwrgy quanti/;uk«i m wll asa thp crmpietp ONB period d

A Jhmiiihial Quantum Numbpr /— give* flip orbital angular momentum quantbatinr.

Mwmp**a Qu>*nmin Numhpr m - i, (). .0, ~(1-1), -1 Thin ghvs thp <ripntatim quantfratinn.
When s magnet* field » applied in Z-axiR, Orbital Angular Momentum L wiD align Ho as to gm*
an Integral Projprtkar of | on Z-axis an abwT in Figure 2.2.

/=2, [LISMAO0OWNSH

2-axis axis of external

Figure 2.2. The Projection of the orbital angular momentum
H along tlie Z axis along wfcldi an external Magnetic Field Is

epplied.
Figure 7A
«Lunw to Prinripal Q.N. n I, I'ran hr onh dThpn » nnh /**4yMTB.
*~*ut*hrU anti JUSHTR/PN A~ 0 A lcan be Oand I.Ihtr li*rr arp tun «jbaMb riamrA
to QN.n 3, lranhr0 land 1 Hm>rW areiW
» 2 |bl M ik x k%
Q.N. n-4, Irati hr 0.1, 2 and X Hrr* thrrr arr U*w
* * %

ek Kk kk Ak [ *xk fq

AvmllahU. br fw at CoimvxkMw - httw -Tu /A ronmu rollHUN/1.14 *
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Fnr O- SM1. corresponding to Prtnripal Q.N. n~&,Iran h*0,1, 2,3 anti 4. H*tr thrwr arr /m*
nnTbly: n-ThlbrM. p-mtbslwll. thuihnMJ , ImihabRU and #*nhnMI.

For P- Shrfl. nnvwpmrling to Principal Q.N. n-0, /ran hr 0 .1. 2 . 3 , 4 aad 5. Here thtir an *
embMbi nairWv. +miM#U . p-whnM 1, rl+uhnMI, f-tnih d . g-auhahdl and h+uhakeil.

In rait-fWI.thr ahow information ran be aummAiwd  Trble 211

Table 2/1 Electron Distribution airong the Sub-Sheik

m | Permiwiible etmtrrmo «pin Orbkabhape Name

20 0 1 SPHERE rtiarp

p 1-14+1 3 TWODUMB BETJ.S principal

d 2 -2<IA-1f42 5 FOURDUMB BELLS diffuse

f3 0,11,12,13 7 EIGHTDrXfB BELLS fundamental

m | Permissible statesw/o spin Orbitalfihape Name

40 0 1 SPHERE «harp

p I -14 11 3 TWONt'MB BELLS principal

UMy (W Tws nt Fasnmbm htiv/.mviwv.(YMM -rail tfit.V 1.t4>



f3 -N,-2,-1,0.+4M-b+$ 7 EFOHTMAICMB BELLS fundamcntd

m | Permieeible it»t»w 0 epin Orbit«W«pe Nam*»

40 0 1 SPHERE sbnrp

p 1-14+1 3 TWODUMB BELLS principal

d 2 -2-174 1j 2 5 POURDmMfB BELLS dtffusp

1S --V2,-l,0,+1,4-2,+S 7 EJCHTDUMB BEIXS fundament*!

Vefl*Wf. ft* fr*p * CVwtwxk** <:)ttpe//ciuuX K «vnt«tt ortll MUH/U 4 >
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Sub-Sh*IK)r Orbital / mJ bn gl bl | atatcew/o «pin
A 0 0 .
9 1 -1AH 3
d 2 VtA-1-2 3
f 3 10+i+243 T
TkM» 7.5
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Orhatakhap*
SPHERE

~ TWODUMB MKLL:

FOURDITKfR MKL;
bgbtdumb nkuy

The ORBITAL SHAPES of Actron riond Inr n-orhital. pabl bl, d-orhital and f-orhital are itinti. 1%1

in Figure 2n

TThe I 1-0
1-0

1-1

1-0

nm3 1-1
1-2

1m0

1-1

1-2
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figure 2.4. Electron, being a PERMION, has an axial spin angular
momentum | 3/2)h which has a projection of t(h/2) on Z-axls.
2-axis Is the axis of externaly applied Magnetic Field.

Figure 7.6
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ftmid nurroitfwfink the rarleuL Thip menu* Orbit « Angubir Momentum Will hr *lw*y* ZERO In firm perk”
Therefore in Flint Period. n~I,i-0,m -G ,i-% (1/2) —th* anwpond to TWO element» N and
Hr.
H inthe first Group and He |p the laet Group In Flint FVriod. Tbhlp % Uh*™r*t»*d In 1L e 2.6.
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are the d-Block Transitk», elements which are there due to belated fum
up of d-orhitals in O-SIW I which has 10electron states permissible from 5d' to 3dlfl .

CetPr,Nd,Pm ,Sm Eu,Gd,ThIDy.Ha.Er,Tm ,Yb,Lu nrp f>Blork Transition element® whifh are due to be
lated filing up of N-Sliefl forbital belated filling fr*»n 4f* to 4 f4 .

Section 2.3.1 .Application* of Noble Gaees

Argon in used in glass chamber* to provide inert atmmpliere m for instance in Incsndencent Lamp ad
in SiemenVi Reactor. Helium in tised a* hreather gas. He-I'b b 'H*d ss breathing gas few deep—~en divers 11
a depth of oom. This prevents oxygen tcaemia. This also prevents Nitrogen narcosis. Helium gases ha»
replaced high))- inflammable Hydrogen gan« in lighter than air applications.

Nohle gases have multiple stable isotopes except Radon whirl) is radio-active. Radon lias a haK-lifetin»
of 3£days. It decays to Helium and Polonium which tim ber decays to lead.

In earh PERIO D ofthe periodic table, Noble gas lias the highest first lonization Energy and the Group!
alkali metal has tlie lowtwt lonization energy. There is only weak Vander W aal’s force acting berw»v, Nobk
gas atoms. Hence tliey liave very low Melting Pcint and Boiling Point.

Noble Gases are nearly* Ideal Gases and tlie ir deviations from Ideal Gas Law give im portant clues reg,irding
the inter-atomic distances of the gas Moms.

K an atom has only a under-populated sub-shell, it will tend to lose them to become positively
as it happens in alkalimetal. When metal atoms bond, a m etallic bond occurs. When sn atom has v ncirH
fill electron sub-shell, it will try to find electn*w from another atom so tliat it can fil its outer su>+Hhf
and become electm-negativp. Theae elements are usually described as nonmetab. Tlie bond betwein r*1
ntsim etal atoms is inually a covalent bond. Whereas metal and nonmetal atom come togetlier and an ***
bond occurs. Tliere are also oilier, less common, types of bond but the details are beyond the scope of tb*
m aterial. On the next few pa&s. the M etallic. Covalent and lonic bonds wiill be cowred in detail.
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Chapter 2. Section 2.3.2. Application of
Inert Gases.'

Chapter 2. Section 2/1.2. Application oflnert Gases.

H fftm Helium is used w a component of hrestling gases due to its low solubility in flukfe or lipids. Fnr
example, fiv** an* afisorbed hy the hlood and body tissues when under pressure during scuba diving. Because
of its reduced siduhility. little helium is taken into cell membranes, when if replaces part of the breathing
mbctun*, helium causes a decrease in the narcotic effect of the gas at far depths. The reduced amount of
dissolved gas in the body means frwer gas bubbles form decreasing the pressure of tlie ascent. Heltum and
Argon are used to shield welding arcs and the surrounding bane metal from the atm ospliere during welding.

Helium is used In very km- temperature cryrifipnics, particularly fee maintaining superconductors at a
vrry \nT twnperatiae. Superconductivity is usrful ft* creating very strong magnetic fields. Helium is also
the most oummon farrier gas In gas chromatograpliy2 .

Neon- Neon fatined for many applicationi tliat we see in daily life. For examples: Neon lights, fog lights,
TV cinr-aonpes, lasers, voltage detectors, luminous warnings and also advertising signs. T lie mtwf popular
applications of Neon would be the Neon tubes that we see for advertisement or elaborate decorations. Tliese
nenn tubes consist with nenn and helium nr argnn under km* pressure submitted to electrical disrtiarges.
Tlie color ofemitted light shown is dependent on the com position of tlie gaseous mixture and also with the
fnkr nfthe glaw ofthe tube. Pure Neon wWiin a coforle«w tube can obtain a red light, whkti reflects a blue
shine. These reflected light are also known as fluorescent light.

Argnn- Argon is user! for a diverse group tf applications in the growing industries : electronics,
jwj>ng, glass, and metal fabrications. Argm Is usrd in electronics to provide a protective lieat transfer
mwwun for ultra-pure spmininduct<rs frtmi silin tt cr=>*stals and frr growing germanium. Argtr. can alsn

fluorescent and incandescent light bullm; cresting tlie blue liglit found in neon type lamps. By utilizing

* kn* thermalconductivity. window manufacturers can pnn-ide a gas liaiTier needed to pmdtice double»

an ~ndisrs. This insulation barrier impns-ea thbe windtsrs’ energy efficiency. Ar#>n also creates

«1 «BrvLinT ~WIng; to fiwh out mehed metals to eliminate p<*tity in casting; and to provkie
~mRen-and-nitrqgen free environment for annealing and rolling metals and alloys.

~  Arffin' kO'Pt<m can he fowind in energy efficient windiws. It is also found in fuel sources,

with {Frerrke ® * estimated that 30** <fenergy efficient windim* W<l in Germany and Fn~and are

«YP*an; «pprnximately 1.8 liters of krypton. Being more thermally efficient. kryjnon is sometimes

* dnire®* 1 *r*nn M A dwice for insulation. Krypton can be ftmnd in lasers wich w<* k> as a contnrf for

raUpd mbeed with a hakigen (most lke4>' fluorine) to produce typically

FEE n ,in  sometimes used within luilogen sealed !>eaii lieftdlights. TP»se headlights

— Y to dotfrje the litfit output of standard headliglits for a brighter gleam. Also, Krypnsi is used

. 4’}LL}nanﬂ>KﬂLLI{UJLu4]/Tf/'|LIJ 1 .
~NeWwbds/Aiw it> lirkle CVmtor=- 1rwiniinFirtil AniU\iiF <hmtneti*mPv C«<| <bkenam|fnb>
Available for frw « Connexion* «Wttpe/m x.nr*, content/m il 1615/1.1 t>
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CHAPTER A CHAPTER 2 SECTION 2/12. APPLICATION OF INFLL
GASES

for high performance lig lif bulbs wliich liave higher color temperatures and efficiency becausp It reduces t}Ne
raff* ofevaporation of the flament,

Xenon- Xenon is imrrl for various application*. From incandescent lighting, to development in x-ra\s 15
plasma display panels (PD F*) and much morp. Incandescent lighting imps Xenon because Iran energy can b?
uaed to pnxiure the name amount of Ight output as a normal incandescent lamp. Xetmn haft also mark- it
powiMe to obtain better x-myswith lediiced amounts ofradlatinn. When mixed with rxxygen, it can enhanc*
the contrast in CT imaging. The rewnhitionbe the health care industries. Plasma display panels (POP*,
using xenon a* one of the fill kaHT may one day replace the largr picture tube in television and computer
screens. This promises a revolution in tlie television and cnmputer industries.

Nuclear Fission pitHurts may include a m upleofradioartivp wotopes ofxenon, which also absorb neutm *
in nuriear reactor cores. T lie formation and elim ination of radioactive xenon decay prorlurts can he a factor
in nuriear reart«n contnl.

Radon- Rark *1 has been said to he tlie ssmnd most frequent cause of lung cancer, after cigarette wikjkin*.
However, it can be found in vailom beneficial applications & well. For examples through: mdiotherapy. rolief
from arthritis, and bathing. In radiotherapy, radon has been used in im plantable seeds, made ofglassor goL|
primarily \Tu\ to treat eanrers. for artliritis, its been said that exposure to radon mitigates wM liTnMTe
diseases surh as arthritin. Thosewho have arthritis have setiiaDy sought lim ited exposure tnrad ioartiw
water and radon to relief their pain. However, radon Iw nevertheless found to induce beneficial long-bTn*
effect. Some places actually have "Radon Spas’l For examples: Bad Gastem. Austria and Japanese Omen
in Misasa. Tottori. "Radon Spa" toa lettering therapy wliere people sit for minutes to blLUSi in a high-r.kkn
atmosphere, believing that low doses of radiation w ill boost up their energy.

Section 2.4. Covalent bonding, lonic bonding, m etallc bonding and Varwler-W al's Weak
Force bonding.

In this Universe all subsystems and this Universe H trif is always moving to minimum energy enftfiguratkn
because this is the stable equilibrium condition. So is the case with atom ic configurations known as molecules
or with atomic periodic configuration in a single crystal adid. How the atoms, identical or diwim ilar. will
staldy configure w ill be decided by the minima energy configuration. Minima energy configuration w ill rktide
tlie type of bond in a given molecule or In a solid state crystalline stnicture.

Covalent, lonic and M etallic bond* are primary bonds and require more than UV/LLOJ1 dissociation
energy.

Van-der-Waal's Weak Force Bonding is secondary bonding and requires lew than 0.1eV atom diasonatkn
energy.

24.1. lonic Bonding.

In a chemical compound of first group Alkali metal (Li,N a,K,Rh.Cs) and spventh group Halogen element
(F,C 1,Br)) minimum energy configuration is obtained through ionic bonded alkahalide salts namely KF.
LIFAfgO, CsCland ZnS. Figure Z3 ilustrates the minimum energy configuration ofN acC I.

04
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Figure 2.5. Potential Energy vs Interatomic
Distance in NaCl molecule

Figure 81

I.b Krir bonded aystalline solids. the electrons an* tightly bound to both catkin* and Anions muH i
hence these solid* are jinod insulate**.
2.lonic crystals dnnot absorb light Im  they an* transparent to ftghl.
31mic salts an* liarrl owing to strong ionic bonds,
4.The«p hauvr liitf, M P.
j-Thesr* are brittle. One layer cannot slip pam the other. Thry tend to cleave and not deform.
C-lonic salts are jpod LW absorbers because innic salts electrorwlood syaiem lias natural frequency or
N*nnance frequency at IB . Tlierefnre IO are stningly ahaorhed by ionic salts.
"These are non-directional and lienre isotropic.
~*C1 has fee structure witbg coc»dination number of 6. CsCl lias hoc stnicturc with OO OrAmbs
number of 8. In water, because of very blab DC relative perm ittivity (cf - 70), ionic salt is very soluahle
*nd ration* and anions easily dissociate and NnCl aqueous dilution is a strong electrolytic solution and
4 alow electricity to flow tlirough. But lonic «alts are inanliahle in Covalent organic solvents such as
Ben7ie(CGHC) and Carbon Tetrachloride(CC14).This is becauae the organic solvent lias very low dielectric
°noWAra tliereintt’ lonic salts do not dissociate lienee do not dissolve in organic solvent.
2-4*2. Covalnnt Bond.
bond there Is 1009 tiarwfer bl elections from Alkali metafe to Hnkren eWnnentn, in tlie pmcem
J* theiroctave w well they create strong electnstatic attractive force. Biit in Silicon, Germanium (W
2 **@dthelnnr eiertnon are aiiam | with ft*» neighh»siring an*n* in teH aliedral crvstalline structure which
to 0011P*Me M ttn n t bl octave Cor siM atoms except thoae on tlie liouudaries which hawr inrnnplete
ICL M hnnrk Tliis is 1Q0X covalent bond and occurs i*ily 6» Cmup IN’ eleinents.|JOH4.SiC ,F2,
—-*a, )

G|» ‘P m and Gmiip V, h«d to 73* cowimtand L ionirGaA*!

Srw * (‘fmmffrifmm - K»*-/ rnv rmm rnliNilA/].14 >



CHAPTERA CHAPTER 1 SECTION 2/12 APPLICATION OF INFjft
CASS&

Group N and Group \1,lead to 254 covalent and 73% kwk.

Group | and Gmnp \TI, land to 101% ionic.

M aterials, elements (K compounds, bavin* 1009? covalent boding has the fallowing p n~ rrtirs:

1.Higty directional br«id theirfcer anisotropic.

2.R can be nor>»polar as in Si, Ge and Diamond <V H oui be Polar as in Water molecule.

JGoorl Insulator.

4.Th*w solids aw* hrrttle or it can be soft also. If brittle they are transparent and tliey ckwvp.

5.Lrar latent beat of futon and evaporation.

The covalent bond» between atnrm in a given molecule sin*V fty strong, as strongan ionic bonds. Howpvpt
unlike ionic bonds, their is a lim it to tlie number of covalent bonds to other atoms that a given atni cag
farm. For example, carbon can make bur bonds -not mm*. Ocygpn can farm two bond*. Aa a rp«ult.
each atom has made all the bonds It can make, an in all the molecules shown above, tlie atoms can no k«tfir
interact with other ones. For this reason, two covalent molecule* barely stick togetlsT. Light molecule
thwefare gases. xuch as metliane or ethane, above, hydntfen, Ha, nitrogen, N? (the main component <fthp
air we breathe, etc. Heavier mokpcules, stirh 551 e.g. tlie isooctane molecule, are liquids at mom tamperana*,
and others still, snrh as cholesterol, are solids.

In Figure 2.6. we see that Hydrogpn Molecule ariievps minimum P E configuration through sharing it?
lone electron as a pair. The dissociation energy is 4.&V.

H2 molecule Dissociation Energy 4.5eV

Figure 2.6. Potential Energy vs Intemumclear distance

Figure 82

ah.

Section 2.4.J1. M etallic Bon*I.

Group land Orrac M form strong metsllie bond whereas Gr 111 form weak m etallic bonds. TheconHuctw
elections are weakly held hy their host atoms. Therefore at room tem perature they partly become delocab*®
and belong to the whole lattice. This sea of delocalheri electrons keep the (+ )w charged lattice cent™*

Nmitbble fov frw et Commeams -Mip://cedUic|i/<itNtwrf/cilgiR/IM'



Tbrar*N r bonds are norwlirectiiinal sn<lL allow innir centers to go part each <ither. Hence they

A ik, waljomk* and liave metallic luster. In Fijpire 2.7, metallic bond is llhunrated. Tblsi apa bl
. N we---kiftk alw*«rw'ul afv™ UPrde = Izl | t/\ rvwitu L

OO0OO0OOOOOOOODO

Figure 2.7. lllustration of Metallic Bond. The positively charged lattice
centers are submerged In a sea of delocaHzed conduction band
electrons. These delocaNzed electrons allow high thermal
conductivity as well as high electrical conductivity.

Figure 8.3

Section 2.4.4.The secondary or Van-der-Waal'a weak force tmnding.

Tli» » Bond-induced bonding. Nohle Gases are chemically inert arp cbemicalfy inert and consist of
nwnoatomic molecule. But still liave An attw rtivp force heraiup of which they Iquefy wlien conlpd.

In abspnre of the tlirep primary bonds, VwwW -Waal Bonding provides tlie fourth kind bl bonding
rh*nisni which provides the cohesive frircp 6* liquefaction and nofcdificntkei. Macroscopic behavior surh
el FMctinn. Viscosity, Arfhntinn And Coiiesior huve their pliysiral 1nga in tliis raerhanism.

"Prf *b*rp & no Glaring of electrun* <ir physical transfer of elertnm fitUl beraiHP of distorts* <if tbe
wrtmn dnud tlierp may he a fluctuating dipole or they may be a permanent dipole. In eitlier crmp a weak

is created aimng the moleruk* an<l this beromes the p in eal liasis for Vwwirr-W sal* weak if re
r»ding as shown in Fljpiie 2A
= "=_pnlAr molecules it is by induction or by elpctmnic polarization due to clow* proximity. It is
**1 Vnrhronised so that it is abav* attractive as shown In Figure 2AIn polar substances dip<le
b fhp electrostatic sttrartion.
* this finmre wliich ciystalliTes Argnn Crystals at -187°C and liquefies He at 4K.

mV«lUhU Cor f'm M Crmr*rrifnd™ . Hitys/ /nra/ n rerms*ew Yell 11971 1.14 »
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GASES

Arises from interaction between dipoles
* Fluctuating dipoles

asymmetric electron Q4N H2

clouds » H2 — H2

O -nnlw » ®EFNI@®
bonding bonding

* P#rman#nt dipotos-molecul* induced
®Pp»b2?2*<3

. UquM MCI

Figure 2.8. Fluctuating dipoles or permanent dipoles are the basis for
weak Van-der-Waal bonding.

Figure 84

V M v =W | fnrce in murh wrakrr than o>valent hood, ionic bond and metal bond lienee wlier» the
apcondary bond in at work M J* tawry im ‘w ifi evident fmm Tahle 2.12.
Tbble 2.12. M .P. ofSolid Aryon. SoBd H and Solid Methane where aecondary bon<ling m

at play.

M aterial M elting Point Bond Strength (eV/molecule)
[Solid Argon -180*C 008
jSobd Hydrogen -230*C 0.01
1Solid Methane  -183*C 0.1
Thble 8.1

Section 2.4.5. Anomaloua behavoiur of W ater-Ice.

Animal-life in able to w rvivr in a frown lake pHHpntially because of tin* annmaiotw behavior of
below 4*C. Bekm- 4*C, the ooniing flhmild make water dcnaer but matead it make* water lighter o *** 9
Figure 2.10 an a tenult thfTC w invenw Temperature Gradknt aa rfwwn in Figure 211 and U M N
remain* at Kraer layer* wHl ireailated ftom freezing col and provide* favourable habitat fcr the marinew rj
evm though the aurfrre of the lake in frtwen. Thia anomaknw behavior occura due to the tranrt»**1/
Clnse-Park Stm rtuie of Water to Open Park Structiae oflce a* wen in Figure 29.

YalaMe frw free at Tnunsakue <http://cnx~my ront«it coll na\Vi14>
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loose h/diogen bonds between Strong stable hy»Vogen Ix>cd3
continuously moving H*0 meter u”s between H O molecules at 0 °C,
attoC '\ forming a rnjid bl~*agonal crystal
lattice btiuriure
H.O ~wijlecijle

lunjc papb between
UK*?, ules held n"itfy
jpart lot of nspace

3D lattice btfucUire nf ordinary icu m; lefngeralor

WWW - jilllfH Dvr UJH I

Figure 2.9. Ctoee-Pack Tetrahedral Structure of Water Molecule above 4degree C.
Open-pack hexagonal channeMIlke cryatalRne structure of ICC below Odegree C.

Figure 85

AvaitoW* for fr*e at Connexion* http: -roil 161.1/1.14 =



CHAPTER 8. CHAPTER 1 SECTION 2/11 APPLICATION OF PsFjrr
CASE"

Anolmnous expansion of 1cc water between
4deg C and Odeg C due to phase transition
from CLOSE PACK to OPEN PACK

Figure 2.10. Anolmous behaviour of Water
below 4deg C.

Figure 8.6

frw (w s Tonnwinw +h*TK//m«*wv/miiN4it/mI1M1ft/1.14



Figure 2.11. Inverse Temperature Gradient
below 4deg C in a freezing lake.

Figure 8.7

NTNaM* Cnr fn» «| Connexion* ; httpc omr-nr* ranmumn /«oil 1«ft'1.14>



CHAPTER & CHAPTER 2 SECTION 2AZ APPLICATION OF Mrny
gases.
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Chapter 9

Chapter 2. Solid State of Matter.
Section.2.5. Bohr Model of Hydrogen

Atom.

Chapter 2. Solid Stale ofM atter.

Seetkm .2.5. Bohr Model of Hydrogen Atom.

According to MaxwHKs Equation an accelerated electron imwt jpve off radiation and kue energy An
pkction in an atom In s circular orhit in o~ntinnoush accelerated towards tlie center. Tlie acceleration
towards the tenter W

o=— whtrrv i*

r
* tangential velocity of electron,tangential to the circle of orbital rotation

Figure 0.1

amir = radiMs of the crbir

Figure 0.2

AvtiUhfe far fm*  Coninortonn  httpe//aix/)r* rontfa*
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to CHAPTER 9. CHAPTER 2. SOLID STATE OF MATTER. SECTION *
BOHR MODEL OF HYDROGEN ATo\,

1 z
m — ——!'P(——-? where 2 mAtomic Number - number of electrons

= number o/ protons, 4» comes because tn Rationalled NKS Units 1 Coulomb o f charge

Figure 0J

. . . . q
gives 1 Coulomb o f flux hence at a distance r the electric flux density D* »
Figure g4
g - \charge\on an electron - \charge\on proton 12
Figure 9N
Tlareinre:
liil 13
STDKT

A circularly orhhing electum t contini***>e bring accelerated toward* the renter hence it J/loul**
giving of SYNCHROTRON R*diatk*i. Synchrotron radiation liw the wime frequency tmtlie nit>* ai whH1
electron toorbiting the nicleiviofthe Atom. Infart thto principle* being u tilim | in modem day Sync*"***
and Betatrons. If the is to om ir thru electron rm n spiral into the nucleus and atom mnM coOaph»’
all aroind ns the atom™ are stable. Hence Bo lir made the fcflowing F4wtiibt«c

FnMulMe 1. Ekrtm n* are in StMionan* State*. Tliere are « tie dtorrete energy Mate* in which eiectM*
are prrm ittrd to Msy.

PtwtulAfe 2. In the Mationary Male*:

AwiiUMe lor free at Connexion* <htt|K/ /<tiir*»|"oniitent/cnlit615/1.14>



. f . h
Angular Momentum mi Xatmm#™* x - » m9vr » Integral Multiple o/ — - nh 27,

Fignr* «.7
Inafowyrw de in Francr gave hi* liypotliesw of matter wavr and fttat:
Wavelength of the matter wave of electron - X » - m — 2"
p mv
Figure fl.8

Combining Bohr*a Law (2.4) and de Btopoe lypotlies» (2 J) we gt tlie fallowing:

2xT1 5 circum ference of the orbit » nX 2b

Figure 0.0

E~iation (2/1) Implies tliat only the elertron* which form a landing waw along their respective orbital
P*b* aq sbnk-n in Figiite 2.12. are permitted to rtay in atationaiy orhit*. K the elertnm dam not firm a
standing wavr it mart* radiating and h ffpirab in ansUwn in Figure 2.13.

Mallahw* far frw at Connexion* Http;/.cnxn»a ooTkuroNUNN 114>



CHAPTER 9. CHAPTER Z SOLID STATE OF MATTER. SECTION ~
BOHR MODEL OF HYBBOGEN ATOM.

Figure 2.12. Electron's matter wave forms a
standing wave corresponding to every
principle Quantum Number.

Figure 9.10

Auvailable for frw at Connexion* <http:/ /essnwy/nTLl 1/cbl 11«15/1.14>


http://%d0%b5%d0%b2%d1%8f%d0%bb%d1%89/%d0%bf%d1%82%d0%a8%d0%9b/%d1%81%d0%ab%2011%c2%ab1%205/1.14

Figure 2.13. Electron in a radiative orbit
spirals in as shown and atom collapses.

0.11

Foim (2.4) figwuing both tfcta wp jipt:

v2=— — 27
(m s)2

0.12

Multiplying both nfctm by the nHu» at flwtrnn wr # *:
-V(r* * %

Figure 0.13

Boil
(23) (2 ) *%p twin* the Kinetic ftw rtf <f the orhiting efcrtnwi. In (2/1) the KE Ium \X*n

NmMabl« kn fr<- At Conmotlew* - httpc//ciix.orK.content,call 1615/1.14>



CHAPTER 9. CHAPTER 1 SOLID STATE OF MATTER. ®CTIHO\.24
ROHR MODEL OF MYDhOOEN ATOM

obtAinfd from Newtonian Medumim onnrbdnrAfkYi when»» finnm Bohr s pm liUie (2A) ha* been obtAint
Btrt thp two are rgnal. BamW on tiri* equality wp ObiAin:

axzgq (nt)1 29

*»*or m.(r)*

Figure 0.14

Rearranging thr tmiw wr obtiin the radhifl of the orbit* m follow*:

r(radius of the n* Orbitaround an atom of Atomic Number z)

Figure 0.16
«*(k>1 _ £ \ ~ et-B .krM adbs-!N L 2 M
T,1r \zf irmg2 \z} ~ irm .fi2
Figure 0.16

Calculating the Bohr Rad ii* we get : An- 52.9459 picnmeter(pm).
Here wr haw taken the Univrrm | ConstAnt* and election chaigr And maw a* inflow*:

g “ charge of electron » 1.6 X 10tCme" rest mass of electron m 91 x 10~u Kg,

Figure 017

AVibshk> lor frw M Connexion* - http://enx.o«j/content /QIIM /114>
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planck’*Constant » h » 662 * 10"/ - |, «0O@&s.perm/tttr<fy) « F/m.

Figure 0.14

Vrevding to Quantum KM 1 o ks, the maximum probability denary omirs at BohrlUdha b it tin* total
pitlability within a apheir* of Bohr Radiiw m KUT than C34.

Section 2.5.1. Tbtel Energy of Electron in nth Orbit ofan Atom of Atomic Number Z.

Total Energy TE mpveii as follow*

TE =Kinetic Energy + Potential Energy 211

Figure o.io

From (2.1) wp find that 2xKE - magnitude of PE hencp TE rim plifir* to:

" O Kive3 - Vo

Figure 9.20

Suhatitiitinx the nth Orhit Radiiw (rn) anglvm in (2.10) we get TE jm i)k aic

213

Figure 021

*ek (2»U) give* the orbital radiiw and the nrrenponding «u g * any atom of Atomic

NinNabl* for fr«* v CVmmnrlone < W y//cnx”n”nowlwt/cnllH» 514



CHAPTER 9. CHAPTER Z SOLID STATE OF MATTER. SECTIOX.Zi
BOHR MODEL OF BWROGEN AT(\f

obtained from Newtonian Meriiank* onrwirtoation wliere* from Bohr’s prtubte (2A) ha* brni obtain*!.
But the two m* equal. Baaed on thta «quality wp obtain:

AX*q (wb)a i9

* **er m.(r)*

Figure 0.14

Rearranging the tmra wr obtain the radius of the orbit* a* follows:

rn(radtus of the Orbitaround an atom of Atomic Number 2Z)

Figure o.is

TyTr \zf XT.*1 V*/ *le «*

Figure 0.16

Calculating the B iiir Radius we get : Jla~ 32.9459 picometer(pm).
Herr wp haw taken the Uniwm al Constant* and election charge and Tax as follows:

g - charge of electron - 1.6 X 10~™C,m0 - rest mass of electron m 9.1 X\0 'l1Kg

Figure 0.1T

Auiihblf for frw at CoTtm km <http: rolllf 14 1.14%»



00

planck&Constant « h - 6/12 X 10“*/ - I, *O(abi.perm /ttfrtty) « — —--j F/m.

Figure 0.18

Arrarding to Quantum Merhanics, the maximum probability dereiry om irs at Bohr Ibuliu* b it the total

probability within a sphere of Bohr Radiufl is kw than 65%.

«Action 25.1. Ib t*| Energy ofElectron in nth Orbit ofan Atom of Atomic Number Z.

Total Energy TE « given as billows:

TB =Kinetic Energy + Potential Energy | j

Figure 0.10

From (2.3) wf find that 2xKE ~ magnitude of PE hence TE sim plifies toe

4»sar/ 8 *0r

Figure 0.00

Suhfititm ing thp nth Orbit Radii» (rn) Md W in (2.10) wp gn TE jw follow*

021

*ok (2*13) gjw* the orbital raditw and the crrve*pnnding cuTKY W=’ lintn

[olMable tw fm* m Connexion* http: TxnuToTw » mib6l-*i 1.14>
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~ CHAPTER ft CHAPTER 1 SOLID STATE OF MATTER. SECTIOS.2..X
a BOHR MODEL OF m VRO GES /TTOAf.

Section 2.5.2. Calculation ofthe orbital radii and Total Energy ofdifferent principle O bit*
of Hydrogen Atom.

We imp (2.10) and (2.13) to determine the orbital radii and total energy of the dinrfete enrrgy rtat<«.
Hydngen. Heie Z~1 In takm since H atom bas 1election and 1proton. In (2.13) tlie rem it* are obtain*®
in Jonin. To obtain rm i» IneV we mw* divide .Vxik* by (qCx IV ). Tbl» ren/in of ralnilatiorw n gjvn ,n
Table 2.13.

Tbble 2.13.Radii and total Energy of Hydrogen Atom Principal electronic Orbits.

(Principal Quantum Number)n r,(Anpttnni) TotalEner*y(eV)l

1 0.029 =136 _____ 1
2 212 -34
3 476 15 |
4 naz -085

Tbble 0.1

Bawd on the ahowr Tahir a cmrrct theoretical hasts ofthe Spectral Line* of Hydmgrm Atom was provided
by Neil Bohr a* explained in Figure 2.14.

Available Inr fwe at Connexion* <Http:/ <m v.ary rrmtm t/so!1MMN8/1.14>



085 Silev
~L1e Bdlmrr
series
-3.4eV
Transition from higher states
to n=1 gives Lyman Series
Transition from higher states
to n=2 gives Bakner Series
Lyman
series
-13.66V

Figure 2.14. Theoretical Basis of the Spectral Lines
observed in Hydrogen Atom.

Figure 9.22

Nla**n in Figure 2.14:

Thirtwion frntn higher Mtes to gmund Hate namely n -1 givm Lvman S®@ W
Tbmwtinn front higher *atf« to next exrh«l1*ate namely n -2 give* Bairn* Serfc*.
TArt*tinn from higher mates to third exritrd «ate namely n -3 ghm Pnnrhen Serif*,
birwitinn from higher *a t« to birth «ocrited *ate namely n -4 giw* Braricrtt Serw*.
Tbuiwtion <w»n higher m atf* to fifth exritrd «ate nnTHy n ~0 givw Pflind Sprte*.
~Njon 2AJ. Problem* with Bohr Theory.

~Millahk* bw fw at Conmerloei <hltpr//<m u»gcontentm illlilS/1.14 >



CHAPTER 9. CHAPTER 2. SOLID STATE OF MATTER. SECnO S.It.

2 BOHR MODEL OF HYDROGEN ATOM.

Bohr* Model is unahlp to sham that apart frren Principal Quantum NtinbwKn) there are
im uthial/orhital quantum number ( /), magnetic quantum nianbera (m) and spin quantum numbhers ().

In 1925. Enrin SrtavKinfpT pn*x*ed Wave Mechanics applicable to mutter wrT.

His pm poitkvi * » the folkming

N0 = E\p 214

Figure 9.23

H is the Ham iltonian O perator whfch Includes K E plus PE operator. The Ham iltonian O perator opera» in*
on Matter Wave yields the Eigen Values of HAmihonian Operation.

Tbls equation w  applied to an electron orbiting a pnton in a Hydrogen atom. Since it had spPn< aj
symmetry hence Spherical Coordinates or Spherical Frame bl Reference was adopted. The snhitkai bl
Sriinxlinger Equatkm yielded tlie tlure non-relativistir quantum numbers namely:

Principal Quantum Number Ul whirb gives the qilantbatim ofEner*v of Orbital Electrons.

Arim uthial Orbital Quantum Number *f which gives e quantbation of the orbital angular moment m

Magnetic Quantum Number ‘m*‘ which give* the quantfcatk* ofthe orientation ofL with a special frame
of reference Z axis.

(2.14) is non-relativistic equation »*nce only non-relatHistk Quantum Numbers are predirted.

Relativist* treatment yields tlie Spin Quantum Number*.

Thepe fo r Quantum Number havr been explained Sertinn 2A.

B tilir Theory could not be used tn determine energies </ atoms with more than one electron. It ws*
unable to explain fine stmcture ohaerod in H atom spectra. It cannot be iwed to imderstand banding th
molecules, nor can it be tiard to calculate energies of even the Amplest molecules. Bohr’s model based n
claarical mechanics, used a quantisation restriction m a classical model.

Section 2.6.3. Calculation of Outermost Orbital Radii and Total Energy aaaociated with
Outermost Electron in Noble Cama He, Ne, Ar, Kr, Xe and Rn.

Equations (2.10) and (2.13) cannot be directly applied to atoms heavier than Hydrogen. This ia beraipr
in complex atoms while studying tlie outermost orbit we liave to account fnr tir screening effect of tlie
intervening elertm n cloud.

Tlie Inert Gases and their electronic configurations are tabulated in Table 2 ]

Tbhle 2-3. Shell Structure of Inert Gae Atoms.

Gas K- L- M- N- P-
Sbell(n—1 Shelln 2 Sholli*-3 Sheln-4 Sbellin B)

He la»

Ne 10 Is* 2BV

cnntjmtrvi no

NmsaMe for free at Connexion* <kttpr/z'cnx~wj~cnntent/collMf18/1.t4>



Ar 18 Is» 2» V *3-V
Ter 36 B? A> 3r * oV
vV  -3H0
Xe bl Up & A>* *> & Jp"
RN 86 Is2 2% 9?2 o 4* 3r¢ fik2 v
WV A)O
Tbble 9.2

FYren Tbhle 2.3 H is evident that In Neon, K-«heU electrcn* And L Shell s-orhHal electron* mill hw a
jrimiing effrct to the extent that p-orNtAl in IrSheO w ill experience <lnly the p ill erf (10-1) protons And
ereming firtor (S) a* 4.

to Argnn, K-slieU , L-S#41 And M-Slveils M ifaitiil electrons mill h » r a screening efrct to the extent that
putblbl in M-Shell w ill experience only the pull of (18-12) protons and HrTeenT* (Actor (S) is 12.

In Krypton, K- shell. L-Sliell. M-SM1 And N-Shell *-<rblbl efertnm will liave a screenin* effect to the
extent that p-orhital in N-SM1 w ill experience cnly the piill of (36-30) protons And anreening factor (S) is
3a

to Xeon, K-shell. L Ss41, Xf-Sliell, N-SW1 And O -Sliell s-orhitAl fleetnins wiill liave a screening effect to
the extent that p#4>WL in O-Shell w ill experience only the pull of (44-48) protons And screening Cartor (S)
is 48.

to RAdNN, K shell. L shell, M=Sbd, N-SM1, O-Shell And P-S1*1! s-orljHal elertnsw wiill haw asrreraiing
effect to the extent that pnirhitAl in P-Sliell will experience only the pul of (86-80) protons And srree»»ing
factor (S) is 80.

to 1964,J.C SU ter em pirically measured the cm-Alent bonds ofa 1 tlie elements And pobhslied tlieir outer
orbital radii.ln the title “Atomic Radii in CrvtrtAlrf in Journal af Chrmral PbyTrH, Volume 41, No.10, pp
3100-3205.

| used tliese em pirical \alues of Atomic r*iii and the modified formula inr (2.10) namely:

m(radius of the nfH Orbitaround an atom of Atomic Numbrr 2f)

Figure 0.24

Figure 0.26

the etnpiiicAj values of the radii aud ifing (2.13) | tleterminwl the Actual screening efrct in earh

AwiUbb- far fr*e at Connexion* <htt*e//nix.orK/<wit«st co llieiA /1.14>
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CHAPTER 9. CHAPTER 1 SOLID STATE OF MATTER. SECTION

BOHR MODEL OF HYDROGEN AT()\t

TV magnitude of the total energy of the ommrxnt nrhHal electron directly [Ouhi the Firwt kmr/.t,,
Energy And th* )uu been experimentally measured 1n .
Table 2.4 F,inpirccal RadK (R), Z, calculated S* , «xpffitm nUIlly mMCured First Bonnetion
Energy ofthe B Inert Clue*.

Inert Gm

[Be
Ne
Ar

Kr

[Rn

R(pm) r
31 2 0292068
38 N 443675
71 18 11.2885
88 36 203736
108 54 41744
190 86 m i162
Ibhle 0.3

S*- calculated vahie of Screening e€ect by me.

E*- calculated value of total enerjpr of the outermost orbital electron.

P.Q.N- Principal Quantum Number.

tExperimentally determined 1$*Creeim>od<reference not available)

n(P.Q.N of First lon-

outerm ost ization Erv
orbit) *rgy(eV)f
1 248
2 2U
3 16.0
4 140
3 12.0
11.0

JNTbFfor frt at Coimninw  bU/([x " <1Mm(/cn111815/1.14>



Chapter 10

Tutorial on Chapter 2: Insulator,
Semi-conductor and Metal.’

Tutorial on Chapter 2: Insulator. Sem iconductor and M etal.

L Q.l. Fnrml-levrl In M etal:

Er » jj— X (jjj)* whwrwn - dm tty ofconduction electrons tn the rnetal A

- ¢.62606876 x 10

Figure 10.1
Drtmniik- the of Sodium and Copper wlen* n - U x IGPVfertrooa/ec and n —
W XICPflprtrorw or.
Metal* EF(eV) n#/«) W F («V) Light ahaorbed
and r*>emitted
U 472
Na 112 21x 10« 2n
K 214 - 22
Rb 1n2 -

— mnumrd on arxtp w

em*n| mavailable online at * hftpc .mx.org content/ali0!M/1.3/>.

Available kw free at Connexion* - bnnc/yrnx/a*, coniaal ml1I<S15/1.M>

73



CHAPTER m TUTORIAL OS CHAPTER 2 INSULATOR
SEMICONDUCTOR AND MET U.

153 14
701 BJIx L » 2 Orange
551 4 Appeare W hite
caiMP reflects tin*
visible spectnin
117 23 Yellow
12
25
W
42
43
iaCuO 1 Most mntahk
Cathode muter
in Tbartobl!
TUhes.
Tulw* 10.1

Q.2.Derwity of StMfn fN (E)| todefined m number ofpfrm W blf* states per unit volume per unit energy

- W

Figure 10.3

»vthat mean enerjfQ* of elertmn in conduction hand o (30 JET .

1 QA Determine P (Ef IcT) In Fprmi-Dirac Statistic*. Determine Temperature T at which P (Er
(U fV) - Y<|Answerer 027. 12t2Kell

2. Q.4. Determine the demity ofoccupied state* at (Er | WT)at T 300K. Find the energy E befcm (Er
) which will yield the same density of occupied states. |Answer 0.92eV]

YaMabl» far frw at Connrvioiw <Http:/ cnx.nry content roll 1615/'1.14 »



7

Deatitv of States Probability of O ccipaio DCMIly ofOccipW State*

Figure 103

L Q«5.Determine the Frrmi Velocity of amduftinn electn«i in Metal Copper and T}*TTa] Velocity of
conduction electron <* hole in Semi-conductor.

(Hint

tn M ital =FEr andinSm |- conductor = ~kTi

Ffpire 104

{Answvr : Frrm i Velocity in Metal Gpprr Ir 2.72j6x I(fm /a and in *rmi-oondirt<* Tlierm al Velocity in
1.17xioSn/a|

1-Q.0n Copper, /~reaimtivity)- 117X MT*Im and /r(condiictivity) C*10m - g/*n. Where
n-&3x IO Pefertrnttf m\ Determine condirtion electron moWttty. | 40cm*/(Vm)|
2-Q 7.3 m loriK Copper wire of R- 0.041 and the current 1 through tw* wire w IoA.

‘m Dt rmiiH V<**jjr I>np arrow the WH045Y1

“m] permiin« tl# Fleetric Field within the WVafD#V/m |

<eDeterm inellie drifl velocity nf electron within the wirr.|0.6 x LU *M/4

& DetermiiM. ti# Fermi Velority.|2.72uGxUfa a)

f Fk FIRK Bl Tin* «am Time.[2.27x I(T 144

L OftermiiH- tlie Mean Free Path and compare with the lattice parameter ofCopperl0D1AA |

AvriUhW- thr fo# at COMTEKIOKM <h ttp /'/cm t~ rnntiH i/col11115/1.14>



CHAPTER I/ TUTORIAL ON CHAPTER 2: INSULATOR
SEMI-CONDUCTOR AND MET \j

QA Typical KtaoNtivitv c fN-Type Silicon h¥1 M-cm And typical current deredty i" 10 OAYsiB*. Cdm late
the Applied Electric Field in SUimn SAmple And calculate the drift velocity. Amime mobility of A ntxn
to he 1400m*. (V-*) JAnswer:100V/m» and HO xloVm 5|

Q A Calculate the inirinpiir iw frah llj ofGe, Si and CaAs. |107ft<in; 3.4x IO ft-cm; 7x 10*0-rm|
Q.10. hi all the calndAik** above we liave m im ed tliitt the effective maw of efcrtron or hole within
tbe *nbd In the nme whem* h In not true. The effective mas* in Metal* are /generally hi*ber than tl»
free spare maw And in seTrnn/ikuors it if* lighter na teen from the Table below.

M aterial  si TO OaAsa InAs AlAe
m */m# 0.x 012 0008 ao23 044 |
T*Mb/T* 039 03 (U 03 03

112 067 142 035 n

1bble 10.2

lectm ns And hciew in a crystal Interact with the periodir potential field in the cryMal. They mvfuwr
«eriodk potential \w riatii»i of tlie crystal developing roller crater fffrct whkii Imrte to drastic redK tKfi
IpctWe mam. If eflerthv Taan bl mntidered the tlierm al velocity comes to he much higher,

inr electron with effrnive Tam ofO30T» tlie tierm al velocity is U h KY'r/s.

lor hole with effrrthv mam of O/1§T* the tlierm al velocity & 2.2 x 10sm/s.

Q .ILFm d tlie drift velocity, mean free tim e and menn free path in a P-Type Sample with hnle mobility
- 470r71? (V-5) and applied Electric Field E All calculations will liave to be carried <*it
in Rationalised M KS unit* tliat In mobility’ will he taken m 0047m5 (V -1). Tlierm al Velocity at Room
Tem perAtire i* appnromatrly \(fm nj 4.7x10\taM r -(lips, MFP - 100A*|

Available Inr free at Connexion* <http://bauM|(/rmttHt/cd1161F>/1.14>
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Chapter 11

SSPD_Chapter IPart 12 Quantum
Mechanical Interpretation of Resistance'

SSPD Chapter 1 Pan 12 Quantum Mechanical Interpretation of Resistance in a conductor.

112. SCATTERING OF CONDUCTING ELECTRONS AND RESKTTMTY OF SOLIDS.

Here we sire dealing with a 5*D orderly «m fipiratkfi of at<*ns aminfisd as a single crystal of infinite
dimers*hi> \Ve hAve Already seen thAt election hasall the properties oflight wave namely: Bragg reflection,
retortion . interfm ncr And diffractkm . Tlierefnrr scattering of electrons cannot he understood in n ctarical
manner.

Liquid state of matter causes fifty time» more scattering of electron as onmpared to the puna* mate of
matter wheie as liquid ta thousand times more denw. Therefore extent of scattering does not tiepend on
the density of arattering centers hut <« the disrrderly amAngement nf the scattering centers. Here it will he
proper to point out /m to exactly what the difference is between scattering And reflection

A smooth piaim * reflects light wlseten* a cough plane scAtters ligltf. In reflection the antfes of incidence
are identical hence Angto of reflection Aie identical. As a result the total incident he«un oflight is reflected.
In a rough plane, the constituent raj* of the light beam are reflected in different directs»* «nce tlie angles
ofincidence are diflrrent for different ray*. This is known as scsftered hght. Theae two plienomennn Ate
sboxn in FignreO.08)

Th* content I»available online at « hrtp:,/cTrenr*/contentjm M 140/1.1
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i<
ft om a 41roe*b kffps tlie reflected
pw'illel * f f,Kf IM<llleill beam is parallel and reflected beam Is
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Fijnu'f 1.68.b. Parallel bfam incident on an incgiilai and rough
surface causes scatfeiing. Tlie reflected rays sue no more
collimated They scatter ont In aB directions. Hence tlie reflected
beam is dkfluse<din nature.

PSgur» 11.2

Fiffu* 1.08. Reflection And Scattering.

Hectmr bla mAttrr wave probability amplitude matter wave. In .VD orderly crystalline solid tlie propa-
gation ofelectron ouwe* tlie interaction with And vibration ofall tlie Intervening lattice center*. TV lattice
«Te » become tlie em itters of secondary wmv letw.

Tbe secondary SBW iH * interfere and pn*iag*»* forward in tlie directk»nofcnnanictivr interference.

A. If the crystal o at O Kelvin tlien tliere to no thermal vibration. AkT mmrae tliat tlieie are no crystal
defrrts and that tliere agre no im puritif*.

b- Abo tlie crystalline lattice in not hounded hy surfaces And © irfnite in the three directktu.

*» Abo ekrtrorw Are in tlie outer partially filled conductkm hand well removed from the upper edge of
the conduction bund.

jif*jijhw » conditions nre fulfiled then the dlitrtion of ctm stnjrtivr interference will be the direction of
And electnm mill propagate forward a* if there © no obstacle in It* path. The first impufativrenergy
»*tam the elertroi in a straight line propagation path with in iform velocity with no dissipation of
Thte pmpAgstkir will continue for infinite time And till infinite distant. This exactly ah Newton
predicted about the inertnew of bodice: A body At reH! wiill continue to he At reet And a body in motion
QQtme to he ki motion in a straight line with an uniform velocity unto* made to Ad otbenrtoe hwv the
* *x % x* oflInrce.
™ * *hat tomnre popularly known *t SUPEBOGNDUCIIVITY.

hv Yy 7™ I **the~nduttion hand. electron* mill suffer Tfcagg Reflection And thto mill be derided
Yy »*m™ **  grtifitAtion of the lattice plane fnsn where the specular reflection taken place,
thfr thermal vibratkai or and bittier defrrts or and lattice Impiiritie* caiiw tlie djanrderineas And

r* >hdeHiu»M Wwito to change of dirertke» of prt®agation or the riuwgp of direction of consaTictive

AMiUBW far fit* at Connexion* <bld)//casM|(18MMe1/eal11815/114>
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mop. Thin riilanflr of dirrrtkei u rn/1H ««altering of Hertron. The chanfi* of direction in randc*u
«dwtAnrr orer w lirh thin happen* In ntatinticalh’ vnryb»R « T I» rw w dimanre over which a «rai**,,
*KK * maintained hcfta* Mattering omirn W railed the mean free path and the mean tim e tab>n ,f)
be mran free pat); in called mean-free time. The Hertmn «cattcTinK within a real nyatalhn*

niffer* B\ all defrrta and Imperfectionn and whirfc in at Room Tem perature liaa been illiw tr; t
iny.

>
Straight itidron peth

t w -
Figure 1.69.a. Elfctiou Is mo\lng along s straight path in nn
Ideal crystalline lattice. An Idral dTsttUHuf lattic f has no iffeefs.
no trapeif f cftoils and no thrnnal vibratins. Election rxpfilenrrsa
no scattering.
Black Circles arc Lattice Outers an ungeri In a peifect orderly
pattern.

YaAable for fn* at Conneviniw <httpe/ Zcnxxw~/canawnsebly HMNA/1.14>



Flgnrr 1.**.*_ A rcalclnmalllne lattice is shown witli lattice center*
randomly displaced ~1tli respect to orderly airangfmenf of lattice
centers due to theermal vibration. Tills perturbation in tlie orderly
arrangeinfiit Ifads u random motion of electron with no net
divplacfmfnt in ttmf. As we see that after fislii scattering flection
Initially vtaiting fiora 'A’ finally finis at B* which is is more or less tn
the sainf location as’A\

Black circles deuott tlie orderly pattem of crystal
Open circle reprenl the peiturbation in tlie regular orderly
airangfint of thf latice centers.

PAunr» 11.4
m F«,rr XM BHamMbu Pl««nen»bl AAMN* ina « ] fc-.rrwhrrrl-jior thrm * vih r** .
Uttirp di*ct, Uttire Im purity And Uttic*knaM m w . fthr _
Tbls x-avpnns of riprtne» <b** MW depinvl el driw rty * rim niil vttjm tk» lattir». fcfrv*
M bw Ofthe Uttk* mrter* and thin d i*1*r ofd i*»d erlin «* <tep«d* on therm al vihw tion, Uittio, < ***«
*nd U ttire im purity (W nrity. LA -

By inm *** hrt*peratur*. 1* unplll NrofUsxsticr tl« ™ ) 'm »« .« > * -

During the grrwrth of the ct5*n1, U ttkv <Vfrrt* urp inrm wrd;

During doping und dttwon. InpuritiM ** intmdured in the

AD.W fan,*, mn.uribn.o <l*«WIWw* w hirl. in *um
««bnWr,* r«rr». llta tU . HCHtirlnK *<Jrh cn «« rrmmnncr In * mod.«in * Tta*. «I r»
W unetei* whirb dnrribe the «attaring phmnm ™:

Mpnan *"f P*h «I> ) and rerun ftrr tlraH f). Nnnart

A* In FIKinr< (D .h). at li. lj, U, 1« .Jlaanra. the rtim tinr rt*n«n..
Tb»ninT mnu.tn* pnth:

W Tt Wi e U weaE vty 'Y P e s thradie. W e

AvmlUhW tor fr» * OwmrvioiMi <Ktpe//CfHUWI|i-fecnH>awt/milHtIB/l.14>
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rs|J>il/N..-..

And <I=/f = average thermal velocity- v thermal ... o 1.102

By Equipartitkm Uw of Energy, emy decree «if frmioro ha* an nyrrnur thrrmal erwrje* ~ (/2)kT.
Since cnixhrttaig efcctren han threr degree* of freednm (, y* ) henre the total dvrTage titermal & wtr' ti*
conducting eiertmn inequal to (3/2)kT.

Therefore (I 2)me ¢ .v thermal 2 m (3/2)KT e 1.103

Wheiek- BokTan** (YwneAnf |/1k1(Tm/1/Ke*yw - MBxIOVV/Keivin

Anri T tatemperature at Kelvin ncale. m*  effective txvm ofeiertmn.

Tem peraiire in O bl W «rale inaddrd to 273 to obtain temperature in KeMn Scale. The aero of Kehin
arale ocnirn at -273 CefaiiK. Al thin temperature i+. at 0 Kehin the amplitude of thermal VblaHnre <f
lattice cermtern in w n and if there in no lattice defect and no doping thnn wp have a perfect orderly lati**
which will heilaw like a nuperm ndtrter.

112.1. Quantum Mechanic*] harin of Reifatainre in a aw iucling Solid.

An idml cryitfal with no lattice defecta, no dopenta and at ren> Kelvin temperature hehaven likr g
nuperconductor.

In a normal m etal leaiatance in ahrayn pranent.

I*t unmnrtder a cylindrical metal of length L cm and A (an)1 rrrm eectim al area. A potential dMfim* Tke
ofV vnln in applied acmm it a* nhmra in Flgiire (1.70).

The efectric held along the kvigHudinal axm k

r=(V/L) Vo* meter

bxNaM* fnrf>wat/mneb* http://avbnw, n m m /collMMNA/ 114 »



(a) The appttcabon of an electric fldd across cylindrical metal spedmen

Figuir I.Tl.a. Aa electric firl<l b uppkrd alone the po*W=>e z axb of a
cvlinilfn< » inrfal conductor. Eire irons move iloiig ihf iif*tnr z axis
cwln£ in electric carrenll -V R

where R - (te*i*trviryuL> A-R « pL A M <ontuig lo Ohm's Law.

Elect ons move aloug ihe negative z axis shown by the broken

Ffeiar* 11.ft

NtNsable for free at Connexion* <M tpe//erau»|[(MMtMi/MI11<I1ft/1.14>
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t (te)
(b) The instantaneous drift velocity of electron with respect to time

Figure 1.'O.b. liislnutuueoils drift velocity profile with respect to rune.

Figure 116

Figure 1.70. Electron drill In mdirection(longitudinal axk of the cylinder) after the appli-
cation of the Hudi electric field.

According to Kinem atrs. tlie fleetnr field is applied in * direction. This will cause an arcrierati. in
f-*1 directkjn anre electmn in negatlvr. Tbl* acceleration wiD crtitinne until the riectmn grts ncatten*! At
the point of scattering all the kinetic eneixv ofthp electron fe imparted to the lattice and thp electron nart*
anew from m o velocity. Since this is an statistical plienntnena henre arreleratinr time period* are t,. t5,
t*, t],...... and the terminal velocities sire v «, y»a, v*a, v¥4,.......... .. Acceleration timp periods

ti,t), t.i,», __ are thessmr ss the transit period* aktig the randomly changing straight line argmmtu
a* defined in Eq.(1.100)

From kinematic*: vm ~ n at,

where a —acceleration- F/mae = ge/me* —qQV,/l)/ meV .« ot v v,
1.106

But u - initial velocity = Othereforevtn = ata * (qc/me=*) (tn)...
1.106

Therefore the average drift velocity (iw r n,h acrelrratinn period kc

vn = (vtn + 0)/1~ (q*/2me*)(tn).. 1.107

Supptae during the fkar ofnvrent from one «id to the other a gKvn elertmn imdrrgne* N scattering
This mean* it uaderg<« N acceirrstion periods.

The averagp drift wiority during N period* ofacceleration whkii occur during the flow ofthp current **

yava - LL>.11 - K<qr/ 2m**)M /N

Therefore - <q/W )|D «e)|/*

rdrift - (gc/ 2me*)r = (qr / 2m e o). * e -., 1.108

where I —= E(t*)|/N “ mean free time as defined in EQ.(1.101) and

fm- electron mobility - (q r /2m**)

This relation was tned to determinp the electron mobility in Tahlp 1.11,Part 11.

VailuhW for fr*» at Comnarkv* <Mtpz//crocnm,/onntit/cbl1 14>
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Now under k»w drift velocity m ndition. drift velocity varie*directly w the applied Seid cand tlie constant
j Kptnrn!~- is known an tie drift raohiftty(M (€B*/(yH*c)) as 4uwn in Figure 1.72.

vdrift - (q r/ 2nie*)f= /in e .. 1.106

Oirm it density J- number of Coulombssemnd

Therefor»* J--qxaum ber erfriectnm s flawing throu” u,iit cnws-sectinnal aren per second.

If we assume that there is no diffuskm of mobile c*go* And we only liave electric drift of the mobile
farriers then mimher of electrons flowing through unit nrartsecfional Aim per second-(lcm2/v*m )(n)

where n~ mimher <fconducting electrons per unit (rw)*

and v<ttt ” drift velocity offlections;

Therefore J= (q.vdrill .n) Coulombs (sec-cm ] ) ...

orl] = m I*

Where ~conductivity) - 1/,i(resistivity)

J—q.~.n ~an

orl WVA-(//»)x (/L)

Therefore V/Isr R = (PL)/A-* ONM’S LAW.  tooooiiiiiieeiiee e e 1112

In Eg.(1.109) . we find tliat drift mobility it directly dependent on the mean free time between two
ennsmitiw scattering. Mean free time (r) Is dependent <* scattering. Larger is the perturbation in the
lattice network from the ideal lattice more frequent wi| he the scattering and hence d*»rter w fl he the
mean free time. As the perturbation from tie ideal n irfjtiifi nr the disorderliness in reduced, so will tie
«uttering phenomena he reduced and mean free tine will become kmgrr. Under ideal condition there will
be no scattering and mean free time w ill become infinity Here tie mobility hecrmes infinite , conductivity
become* infinite and resistivity becomes two. This » a Hupercondiirtnr. Here once an electron gets an
impulsive push it continues to travel in a straight line fcr infinite distance and for infinite tim e without any
energy dissipation Hence initial kinetic energy impart™ by the impuMve push is conserved forever by the
conducting efertnii. This is tantamount to a current flo* in ackw* loop superconductor without any battery
connected to the drndt.

In a normal conrkrtor even with no battery connects, tlie mobile carriers are undergoing random motion
with no net displacement. When an electric field is appi*rf then superimpoaed an tins random motion tliere
* A net displacement of electrons in tie opposite dim tiofi to tie electric field. This has been tow n in
Rgure<1.71). Tie nH displacement is given by AL in t\ne At.

1.110

1111
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Thin hue is (tie random motion with no fleetrie field
hence there no net displacement.

If an electric field is appbrd in -1 direction then the
sclittering follows the bolder line and alter low
scatterings the electron is displaced with respect to the
original positiou by by AL hi time At in positive z direction
and the electric field is* applied in -1 direction.

Figure 1.71. The net drift experienced by an electi on
under tlie influence of electric field.

Figure 11.7

An can be ww in Figure 171 electron is imdprgning continuous random motion under the nrfhnwe d
thermal energy. An temperature IOCH— electrons herotnr mote restlew and start meandering alon* nwre
rig 7Abpath h it they never make a net displacement in any rfrection an shown by ‘thin Imp’ rig sag patb.
R it anan eW tric fipld(r) is applied in - r direction, electron M karsa holder line and an seen in Figun 171
it experience* a net displacement of AL in 1Ldirection in At.

AL/At - amage velocity - MHa - We;

In 1911, Kamerling Ons detected superconductivity and superfluidity in solid mernry at 4Xehrin.

In 19C2 a Rnasian Scientist wan awarded the Nobel Prire in Physics lor his study on superfluidity and
superconductivity in bquid Hefcirm at 4KeMn.

In 1987 Karl Alex Muller and Bednor? of Germany were awarded the NobH Prire for discovering the
pem mductivity in ceramic Yettrium Barium Copper Oxide |Y «B* (CuOfo | at liquid Nforogwitemper *
TTKehrin. Bednorr was a research student under Muller al that time.

Befcve we lewp this Chapter on mobility and resistance it w ill he appropriate to introduce the reader 10
the concept oftwo lands bl mnhiltinc

First kind Wan*» due to the scattering caiwed due to lattice thermal vibration and it in temperature

Nofablr Inr free at Oamninaa *bttpr o ~ ** ., collH115/1.14>
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HSp’r)ogﬁ kin'a rii™ .nitj due to the scattering caused din* to the dopents and/or crystalline defarts;

At Squid Helium temperature that is at lew than 4Kelvin there is no sratterinf; dur tn tlierm al vihra-
iff* b it ACAttenn# din* to impurity- and or crystal defert perwi. Therrire *em irondiirtois never tienrue
-ertCondiKi»**. FVn at (IKetvin residual tem irivity persists due to im purity and or cryntal dpfrn.

<>thr eflrrtive molality is given hy the Inflowing reciprocal relatit«whip

If 4 =1/ n lattice + 1/ Wimpurity L1118

Thr quantum-mechanical model <rfelectron scattering , which haft been presented in thif chapter is valid
~jy when drift winrity famuch kaupr than thr thermal velocity. When wp reach high EIrrtrir Fipld region,
tb rer trr mergy fadirectly trarvtfrrTed to the crystalline lattice and thr drift vrfcirify satiuatrs at Scattrr
Limitwi \W ority as flhnnwn in Flgivr<1.72). Tlie Scatter Lim itrd Velocity fal0 7 rm Zaer fnr Siliron and it can
hrderived fmm thr flow ing rrlation:

(1/2)(m = *MV **ttrr limied ) 2 = (@ 2)m c *)v
<S/2)kT bl 14

thermal ) 2 =

e(vfcni)

Fiout 1.72.Vdilft vfixns Eleftrie Field.

Figure 118

1.72. In high rlectric field rejtfon the fkift velocity saturates at «ratter lim ited velocity.
Quantum Merhanical perspective trtfs us that electron fa not impeded by the lattice centers. If the
***)‘> centers are perfectly orderly at OKeMn then electron if imparted an imputam* mer© mill Acquire
*™ r kinetic «-nerfjev and with thin KE it will mntinue to traw| in a irtraight line tlimujrfi tlie crys*aMse
infinity. W1*at impedes the flow and cause* the kaw </ KF. in not lattice rm trtu per w>hur tbe
atthe lattice renter artwork. Tliis * the rew««i why Grapltene is wnrking cart to he a wrnder
with a ten'lan r drift mobility. Grapliene in a «heet of orderly arrangeterit of brxasnna! stnrture

NwoNaMe Inr fit* at Connexion* - htt*:/ mx-or* oommt/cn11161/1/1.14>
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which b unprrtirheH or unbroken nw Ihtrp ritaranrrn hrav mmn frw* path in Gmphmr m of the orriti
LW KTOLW NT W compared to the mean free path in GaAji when* It in ofthp ortipr of fraction of microns

Wafwilr gn fW MITaM1rxX*Mi(« <M lp://cmuvx/content/collHMN5/1.14>
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SSPD Chapter 1 Pvt 11 Solid State of Matter

1I0.DEFTNTribN OF INSULATORS, SEMICONDUCTORS AND INStTATORS.

1.10.1. SIX STATES OF MATTER.

There are fix states of matter: gas, liquid, solid, plasma, Bose-Einstein Gndenaate and Fermi-kmic
Condensate.

Gan has no fixed shape or volume. They have tlie sliape and volume according to tlie vew rf tliey occupy.
Inter m olsnihr distance* are lar»p and moleoiles are independent ofone anotlier. This state of m atter obeys
theldeal Gas Law .

Liquid lias a fixed vnkime hut no fixed sliape. It takes tlie shape oftlie vessel it occupies, Infermolecular
distances are fixed and molecules experience cohwdvp fiace with respect to one another.

Solids liave n fixed volume and fixed sliape. The molecules are ammagrd in an orderly fashion giving risp
to s crystalline stricture. Because of the variation in the range of orderliness , tlie crystalline structure w
d*sified a4 Single Cental, Poly-ciystal and Amorphous. The range of <*deriinw is shown in FigureO-39).

For 300/XX) years after the Big-Bang, temperature of the MmbTrHe was above -IDfiOK and all matter

to PLASM A STATE. This is a soup ofelections, protons and nwitrons. As king as matter is in plasma
**te, RADIATION dominates. Gravitations! attractkn is dominated by electmmagnetic krces and thus the
ffavitational accretion is prevented.. As snon as tem perature falls below 4000K. plasma recombines to firm
wutral mass of Hydrogen (709t), Hdium (309f) and traces of Lithium . At this point radiation deersipies
and matter dominates. The decoupled nviiafion carries the imprint or pnrfile of the matter distribution
through out the Univeise at tlie time of de”ioupEng. This decoupled radiatkm persists till today in almost
pristine state in which it decoupled from tlie matter. This decoupled ntfiation is known as Cosrmc
~ mowavp Background Radiatkm (CM BR). Tlie latest study of CMB by WM AP show tliat indeed tliere
~  hot spots and cold spots in CM B implying that in tlie remote pest matter distrihutkm did emitam tbe
.n*vennew which would eventually become tlie weds for tlie formation of clusters, galaxies, solar svstems
*** planets.
A®*P-Einstein Condensate and FVrmt-ionic condensate aie described in Section (1.15) . They are ckeply
Rwmi-ionic C«*iderastc formed at a kT*T temperature tlian the temperature at whkii B«se*
Condensate Is formed. It manifests a complex of spectacular heliavicr

= Jt flows through tiny capillaries w it!*** experiencing any friction;
mecimb* in tbe furm of fim mer the edgr of w«els chaining H. This plienomena is referred to as

N _"N4**»ta in aspectacular wap wlien heated under certain condifkms:
Is avftiUMe onHN# « httpe rmx.ar* rontent m.UH.1 L.I/>,
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fit b cnniAmtfi s mutfinx container. the content in He-IN Phaae nem rotate* JIOKL, wit), th.
antainer.

SOLID STATfc OF MATTER.
h *he be* at Quantum Mechanics, Band Theory of anlid was pmpoeed by

appendix XXXxLW ]. Ai already Heen in the laat »*rtio»u electron* in a «ngle crvwtal anhd om
hands separate by bXbI/I/TT mnm known an Band Gap* a* ahown in Figufe< 1.40) , Figurri | 4L
FVpne(1.40).

potiter hand i* known ad the conduction hand and the hand juat helrwr is valence hand, In inwiLu,n
micnnductor*, theenergy band kap between valence and rondnrtkm b wide at the order ofeY *nd
tim hand isT p”~edy empty ai low tem peratures (Nr both insulators and semiconductor*. Twu * w
iqitid Nitrogen tem perature) and below, aem»-«»idurtor fe an inaulator. Only near room tem pnaturf
f introduction of rontrolled amount of im puritiea that aemironductar acquiree a certain degn*
tivity. Aa we yre in semicnndom»r chapter the effective density of mate* at the lower edgp d
tion band (N f»j

lat tlie tipper tifip o f the valence hand (N v) i" nearly the name a* Aown in TaMe(L10)- This isd
ler of 10" 10 p~*m imibleatateH per centim eter cube. Hence an anon « (loping appmnrhen thin onk* bl
tilrfc. numberq irwhm w?ehrtmn* n/e comparable to the available enejgr staten which mthe enter®
9Rnerate .n - x to Hence at that order bl magnitude bl doping, tamknodnrinr tmmmm dinfenerxn aul
r* Hire a *Rm#-tnri.

an INSULATOR can he defined aa the anlid which Itae an empty mnductino band and a largr hand
rfitherrder of <¥P\okmore. Ther» electron- hole pair cannot be therm ally ~generated . Hence it remain
inducting at *|] temperature.

1tlie contrary® SEMICONDITTORS are non conducting and hence insulator below liquid Nitmgm
Tature and a h ~ liquid Nitrogen tem perature they acquire conductivity either due to thermal m
nfelectron-boll» MUr or due to cm tribution ofconducting electmna by net donor atom or due to hnifi
huted to net Vcvptor atom.

ptals have pn™\gly filled conduction hand or overlapping conduction and valence hand*. Aa s resa*,
are mobile eler«tnyw Available in copious amount. T liia amount inofthe order I032 per centim et.r rube.
* nee in the Ta*je<1l0), atomic ooncentratinn in Sohd* are ofthe order of 104 per ex. and each aom
butea an elect n)n fcr conduction. Hence availahility of condtrtion electrons W12 orden of magnitude
*r than intrinaif siicon and O orders of maicnitude greater than that ofintrM ¢ Germanium. Mernur
s larfip numbe” of mobile carrier* proacnt in m rta) that m aattvity mno murh lowf*r in metal than that
«conductor. Y b s point will become clearer aa wr proceed with the quantum -roerlkanical interpretatk*
iductin” #frt*on in metal or in ivmi-onnductor.
saeen in TahI™jjo) , the mobility of conducting electrone in aemicnnductora at m irli higher than thrf
<al whirh bl 44nn, / (\"-aec) far Copper.
%bW1.10) Ch~p~mHtin» ofGe, Si and GaAa at 300K.

Unit* Ge [Si GaAa Oi
mctive N e CmA-3 1N14xI0n  2~AXIOMI9  4.7xI0n
Kity bl 10 17

cootioueH no next p*r
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NV Cm- -S 6.1 x10- 102*10*19 7x10“ 16
IS
IE « «\V 068 112 142
ASTriNHK nl Cm- -S 2.26x10- 1.13x10-10 1~%x10- 6 6J>x 10-22
Carrie «*» 15
t>ntratvi*>
R m n  (unit 033 0n13 005M
m a* m w
0.11x10
-SI Kg)
m p (unit 031 056 (w
inaw
0.11x10
-31 Kg)
Mobibty pn Cm*2/(V- 3900 1300 8000 m
*)
pm Cm*‘2/(V- 1900 480 230
»)
Didrctrx rr 1&3 116 109
Constant
Atomic Cm*-§ 4.42x10- 5x10- ' 4.42x10-22 8.5x10-22
Cooomtra- 22
tion
Breakdown E BR V/rm 10- 5 Sx10-6 3ax10- 5
Fipki
6 * * IbMc 12.1

1102.1. M ET A 1.4 ( with npHod rrfrirner tn ti* mobility </at/1w wy, rlertmn™ Htxi it* implicat*ms
tor particle ntrrorntnr* ).

MptaJw aU rtirp irf piwtivp km* brtd together by a g0 of condiirtkmitmmn*. Thr conductingH rctriww
bHon~ny, to thp m ndirtM i) hand hmr tlirtr wnur-finrtiot* npmad thn*#, out fir m rtattr IM tirr. TV
*wa«p Kinetic rr*rky I** electron in (3/0)Er (Th* will he 1 tutorial «opt*»). Hm v

Figure 12.1

Wlahw far tn* at Ctmmnkum <bl//eransn'ran rahfiv i.m >
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Figure 123

L
where m* in thr e ftrtiw nmsan of the fleetran hut we wiill immune it to be tbe free spnee Tsx .
Tlierefore:

Figure 12.4

va = velocity of the mobile electron in conduction bond

Figure» 124

Th* wjncity is ora thermd \rktdty biff xnknty resulting fmm Piudi's E a bbinn Principle which t*#*
imlh' is the retnik bl the famm-ionic tuUitre ofelectmn*. FVrtm rw fend to repel one another when enntinfd
in a «nail Cartenan Spare. FUertron* sare rlaurrtrnphohir.

Therefore mean free path =

V - vmXt

Figure 12.8

....... 1.06
Where r bl mean free time.
Substituting the appropriate values inr earh mrtal, nr gH the mean free path h electron in thf»
m*>erthe Tn ak.
Tabk4M O) TAbulation of the Ftami EtwjQr, velocity, mean free time and mean free path of rondhi<-»0*
rtertmna in their irapertive roHida.

V*ilahU «nr W * Counextoun* .Http, .O anuy-Tan /«allllN/1.14>



Metal j E F ] Velocity<sx 10~ 5m/e) r (fcmtoerc) L*<A9) |

Li 47 9.0C 0 R0
Na 3.1 ] 31 250
K 21 665 44 293
Ci 70 1215 27 328
Ag io 10.77 a 441C

Tbble 12.2

As we see from TahW LIO h tlie mean distance between two scattered bl 2 orders of magnitude greater
than the lattice constant which in of the order ofo Ae. Hence lattice centers per »p are not the scattered
but infart the disorderline** in what cause* the wattering. The sra/ternf* are titemvU r/1w ksw bl lattice
centers, the M runtinl rfefa? in cn-stfd gnwth hod the siihstitridnnal intwstitvd impurities. Thin implies
that with reduction in temperature mobile electrons will experience lew scattering lienee the metal will
exhihit less resistivity lending to positive tem perature coefficient of resistance. We w ill dwell upon thin in
Section (1.12).

1.1022. SEMICONDUCTORS

Semiconductors me insulators initially. At low temperatures, all electrons are strongly handed to their
hmt atoms. O nly at tem peratures above liquid Nitrogen that tlierm al generation bl electrm -iiole pairs take
place. So in semiconducitrs the situation in quite difarent as compared to tliat in metal The conducting
electn>fisand holes (Me their m obility to tlierm al energy they pxuHT< In contrast to the conducting electrons
in metal. On an average by Eqm partition Law of Energv*. the mobile carriers pexe» (1 /2)kT thermal energy
per eamer per degree bl freedom. Sinre tlie carriers have 3 degree* of freedom hence they p«*sess (3/2)kT
averagp thermal energy per carrier.

Therefore

Figure 12.6

Therefore ............

Figure 12.7

*ne’x,infxIrl,irs the mean tee path »*l he the product of tlie tiermal w tndlj and the
A*xn ~App ifW> b» calculated from mobility of the mobile carriers which in determined

mtaiUhP Inr fri# at connexion* - Httpe/ /mx.ovg>contwt CollMA1 114*
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Fmm TfthM IW) obtain thr mobility vahiea. In Tkble (1.11) thr mobility, m wi free time, therm®)
vity and iiuwi fw patl* an* tabulated far Ge , Si and GaA*.
TahH LIl) Mohtttim, Mean FW Times, Tliennal Veftnrite* and Mean Rec Path* of Gr. Si and CaA*.

Semiconductor ~n(c*n*3/(V-sec) r (frmtmsr) ve (T/mc) L*A¥*)

Ge 3000 2217 0.95*10“ 5 210ft
pi MM 7c7n 0.9ftx 10 B 729
fGaAs mon 4890 095-10"5 45453

Tbbl* 131

A* we neeelectron hae much larger m obility in semiconductor* as oranpared to that in m rtal*. This fanpka
it thr mean free path of eiectrons in greater by onr order of magnitude in sprrocmdirtor an oompan-| to
it in mrtal. But why » thr «raftering lens in spmicondirtors imcompared to tlutf in m rtal.? MA» an***
obtained by drterm ining thr de BmgUe wavelength bl elertron and by twin* waw optics.

Wp w ill determine thr velocity ofa conducting electron in Electron Mkrnsrope, in m rtaland in Mmiono»
rtor. In thme thrrr ca*es thr amducting elertron kats Kinetic Energy equal to thr Potm tial Energy h
** while falling through a potential difference of ICkv* in Cline ofElectron Micnwcoprtbecaitse ICkV fc the
rleiating uoftiggp in EW tron Mlcnunope), through a potential difference of 4V in raw of metakUY.wp
*rage kinetic energy associated with condtirting eiertmn in (3/3)Er And E* is 7eV in copper) and throng))
xsential difference OXQSV in criae of semiconductor ( since thermal voltage at 3Q0OK Boom Temperature
kT/q 0.025V). Fmm the Kkinrtir velocity the de Gn~be wavelength is determined. The set ofeg»iat*m
* Kinetic Ener© gained -

*e " 4K
Figure 111
Therefore momentum gained
P=
Figure 139

Therefore de Brogbe wavpjength:

Yafabl* Inr fn* at Connexion* <http://cnxnry/rtcr/i/coll 161.1/1.14>
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in Tfcbte (1.12) the rip Bng lie wavelengths are tabulated:
TableU 2 de Broglie wavHengtiw of onndtirting electron in Electron Micnwcnpe, Metal and Semicon-
ductor.

V ree we (m sec) Mm) Im plications
Bertron  Micro- IflkV S9 10* B 10- -11 m = Ac a (lattice con-
m * <1/BO)<5A°) stant)
I00OkV 187.6 *10“ 6 4x10* -12 tn
Metal av 10" e 6x10- -10 m - A~ a (lattice con-
BA ) stant)
SenirandtMiiu 0j025v 10- 5 7.76x10- -fl m A> a(lattice con-
= (78A %) stant)

Tbble 124

Amseen from Table(1.12), we see tliat de norglie wavelength is much less than flip lattice constant in case
ofElwtron Microscope. For IOQkV , theoretically tlie resolution should he (1/1Q0)4A “) Thin is like Sunliglit
falling through a hmad aperture. Sun-ray mill pasR in a straight line and utiarttiw ofthe aperture should fall
or the nrxefn behind tlie aperture. Hence in an Electron Microscope, a regular lattice array dor* not scatter
andfctmn beam. The shadow ofthe crystal lattice should he im ajpd. Btit this theoretical resolution is never
achieved sinre wt are using magnetostatic focusing. Only 1 A° is tlie resolution actually artieved. In rasp of
IQkV, though the theoretical resolution (1/50)<3A°) b it in practice only 10A e resolution is achieved. The
electnvi beam can penetrate through s thin specimen and produce tiie Image of its hmad features wttlioirt
being influence! by tlie atomic details.

In electn>n inicnMcope the electron can be accelerated to higher energy to obtain a finer resohitkm. It
can resotvp on the scale of molecules but can barely perreh* the atoms.

To resolve at atomic and sub-atomic level w need to go to particle accelerators. Pbrtlclr Ancderstats
are gar&wtimn rrvnitii** which can be rrgjvtieri *n giant microscopr* (hr pmhitig into Ibe mnermi*tw m w
bl matter -an nmyto Te complement to the giant telescopes which probe to the etiges of the Vnhmte.

Toarrive at the rmohring power of particle accelerator wp must know Special Theory of Relativity and me
n*» makereiathistlr correctinns in order to arrive at tls* correct resolving powerofthe particle accelerator*.

are described In the Appendix XXX XJY . Here we will just use them to arrive at tlie resolving power
<*the particle accelerators.

Rrtathistio momentum is related to the total energy E hy the following relation ship;
E3e j~c2 I mjca

Figure 1211

n_ e ) HINESMATTHIETTITT» WL . IHITHEL
Bn~jie wavelength associated with this particle is:

JivliaMe Inr ft*e at Connexion* <bttpe//crou*n/ocowtsst/cnitVi1ft/t14>
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Figure 1X13

->..1.00

Equation (1.09), the T#bN\1my pawn ofvarim »
M in TbbHILUyibW *! *n«n TXhle<9.1li.4 > w n*w N /*P«t*le Pfrrw . *

operation*! nn.wH *u

tp Paul Dhw , (ainbrir®*p Inivpnaty PT*X , 1./« ,*)2f «Um.v*
M S. The reanintkm o fthe particle ncrelers*nca Arm * fhe W rrkt
Rem Intinn . Lo
:Lnratim Energy rear!**! Vaar n — 4o 10" 5 Particle drtnin j
=X -iom Nurlnim ixe
nrrt*ManrheH M (LW 1011 oo
. 14n4Riifhprfd i
paHHe™m _Wlnr— . UL e j
hy-2x10Tin/*Allh N
pwtir*-  4H> mi- + t(t)hebl nghg
i . K=
Hpim; minute fa 7?
1019 1.24-10 -15 M  Pprolo mxb*
10--15m—Ifrn;
1932 134 <10A-15m  Neiitmm»M % 10--J
15m = Iftn
1.34x10- -15m
iGeV
>+ «. 4GeV 1987
ng
ITAN(*+e- OOGeV 1s87
N
n Y S—
1.34-10- -16 m
I0GeV 1979 Quarfaw J*
10--16M1)
1.34 <10- -17 in w-, i
{ 1O0GA 1987 ZOrletpn-
KreHCHNrmL U SA ; —/ =
1.34K10" -17 m
n <ete- [00GeV 1987
$r fHrm -
mn ool-

CERN,
-g
"XFEanu*1tm n*rt ,wi?
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LEP () (ee- 200Gev 19% 6.2x10* -18 m Top Qiiarksde-
)0 BN,Geneva tected
HERA(ep)Ham hiirj aaoGev 1991 387 10- -18 mi

SpPSTERN, 000GeV 1980 1.3ftxI0~ -18 m

Geneva

TpeUrmFnnniLah.itb TA 1987 124 <10- -18 m  No excited state of

(piarks or leptons
detected***—

10--18m
THntirniFenoiUhJX e\ 1987 6.2x10" -19m
HflTeY 1995 4.11x10" -19m

4TV ? 3x[0- -19m
Large HadnmCol- 16TeV ? T.75-10- -20m
bW (LHC).CERN .rlenev*
SSC(super partnV  40TeY ? 3.1x10- -20m
Mpnronducting-
Cflb<KkT).USA;

IPeV ? 124 <10- -21'm

IEeV ? 124v10* -24 m

1bble 12.5
= the first particle anrelerator Ahfcslied at Cavendish ljihncratorv, Camhrkigr University. In 1919

Riitlierford ttfouw the first Directrrir’d be was instrumental in estdhlisling tlie particle accelerator.

In Metal the wavelength is com ian”” to *be latticp constant. This is like liglf faling timugh a narnsv
epertnre whtne dimension is comptrah ~ to tlie wavelength. Incident liglit will fim i a cirnilar diffracti<*i
puttem behind the aperture on thera/gT* «m m . This implies that onnducting electmr in a m etallic lattice
" stmngly s tittered by tlie lattice tnvtm- Hence it has a very low m obility.

In Senicondwtm . the de Dntg}p v ~ '¥ length is much larger than the lattice constant. Hence lattice
**t«Ting is weak and <m)y the gro* im iperfrrtkwis ratwe the scattering. Tbme gn«s im perfrctkms could be
phnnnns and dWocatk*\s extendingm ~r several lattice constants. This is what makes deducting electrons
"**1 more mobile in sem icivkiiictrr* #compared to that in metal.

b metal, conducting electrons Mu/ve like degenerate gas and not quite like ideal pw whereas in mpws
molurti>< tliey behave like non-de”nr™ate gas which is more like idral gas obeying ideal gas law.

In ideal gas the molecules are f* Affw t) independent bl »wie another and powwwinn average encr¢p of
2''~ whereas in degenerate pp*i* niftolecules are ck*Hv packed and average kinetic ener*v is m ulti largpr

\A/2T-b TAN1.14),

I»tals And Semiconductors pLu W, &L have been tabulated in tlie same table.

-Tabled.14). Conductivity™!, | Fermi LevelE F ), Mean FVee P»tii(L#) and Mean Free
O C tor monovnimnt Mf»tjils «id semiconductors.

AvmUhU- fhr fn tt 0/PaHnBAKAT <I*tp//cnx.flw'onmam/cnnM1A/1.14>
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hal Mioes CITM fw ») ii(10%22.ctOHN-2/(1 -ET(1T) 1UTA¥*) *ib) T*,
* )" 4
<r/(q)

1 0.12 61 *10~- 4Nn2 162 4.7 HO -

i
A 023 4N5x10-- 205 5417 31 350 31
6
* 019 5.26x10-- X | 370 1
6
U 064 167x10-- an 47 n 420 27
6
* oee 147x10-- M 72 5N 570 41
6
> 47 n I—2.25* K >*386)) 2106 2217
i 300Nk UMLUxIty Mn 729 7876
"aAh 705M nl-2x10 8000 46155 4804
1bblc 126

Available Irw fr» at Co*morion* <httje//fnfcor”(wl«/coll 1*15/1.14>



Chapter 13

Chapter 3. Special Classification of

Semiconductors.Sec3. .Compund
Semiconductors

Chapter 3. Special Ctaeaflcation of Semiconductor*.

Section 3.1. Compound - Semiconductor*.

Compound Sem im rvhictes are the twos (Aa whjolr- new brunch bl Science And Teriinology known a*
Photonics. Liglrt Sources And Light Detector* bdongt0 th is discipline. T1-V drtnents give rise to Compound
Stoimnductom w hirti Ate suitable for Light Getrratinn o r Light detection. Tlijpw* NMT/1’ elements Inrm Alloys
Amow the whole ningr of orwicentration at thftr grurth temperature. This mide mincibility rangp alow*
alogm to be grown with hand atrurhm «tfflurtftl hr specific applications. This lewis to Band stnicture
mAnipulation According to our specific needs. T liis is kne/wn as Band-gAp Engineering. T lie common Alloys
**d in Photonics Are as given below:

| GaP@2.3e\\ a - 3/12A%*) GaAs,P(,.1! CaAsa(l>\\ S65A*): lw x n the
etaifhonietrir coefficient And by Adjusting *X .ban*1-gap can be tAilored fnri 1.42eV to 2eV.

M InP(bVV ,3.A5\ A INnGaP__ ___GaP(2J\\ 542A°).

n- GaA*l.42e\\ 5.C5A0) CaAlAs AlAa(2AV,
wXx). ~
GaAa(1.42eV.56/11 ) Ga.u5bn GaSb(0.65eV, 6.1A#).

y CaAsa(l42e\' 1A ) GalnAs “  __inAs((U>\\ 6G3A").

~ bP@N OASATI INPAs 1nAn(l eYOAMA =)

A GaSh<a7cVelA *) GalnsSb J __ beh<aiie\\<UA ).

tiwelem ent AkivH are TERNARY* ALTOVS. T*, from Group H | and tw i B Group IV combine to
~“"QUATERNABY ALLOYS.
w  x»demiiscibility shown ahnv lias been tranidAterlk ito a topokigical diagram Figure 3.1 m-here BANd-GAp
InA C'n*t*nt is plotted ft»r tlie wven mA*Com pound Semiconductor? namely GaP, GaAs, GaSb,
bSb InP . AlAs,and AlISb And their derived Ternary Aloy*
/rwii Figure 3.1, none of tlie pure ex*npumr|*j listed liavr a dirrct twind-gap m<cr than Ca/un
N2 £\ SpectrA Radiatkm. GaAs. foP.GNSK InAs And InSb have direct hanrvgap but Im<

9N’ *nd AISh All havr Ban«Up»p Urj® Owvi 1IAVY hut all Are in-dimt Iwind-gap Ik w retf
ilbyn I VW nlememti».. Herwv UNO priral FED* *rv gn KoK nlkm of G aP And GaAs known as ternary
b Figure 3.2, the white ligiit spmrum and the corresponding Band-gspM arr 4iown.

N
€ W< b awiahle nsiKm m <bnL//aansa/m™ /Wy «n * i
AvailAblf torfr**—# UmnMinr* < h N /A x N e ««al/aillM IV I'M>

n



CHAP7EN 13 CHAPTER X SPECIAL CUSS&KATKTtS or
SEMTCOSDVCTORSSEC3.L.COMPUND SEWKDNT)! r r 0Ss

Figure 1S.1

Figure S.lLlbpolotfpcal ditgram for Compound Semiconductor* and their Ternary Com-
w KK. The Solid line* indicate Direct Band Gap m aterial* and daubed line* ahow In-dir**
md Gap m aterial».

YaAabl* fnr fwe * C (»i*rtw <http:, (r>*nuy-‘cnam* collHH*/1.14>



23 500

34tV AIP
23 - 2J3 «V. e Vct-indircvt £9 =245 «V
Gtpi'iU —- [ cnnsoverlA. ¢ 332 nm) - 5 « = 34510 A
I (A ljO ii-TKo <Io *P
r (lanice”aiched 600 -4 GaP
* . t00a™1») I £g=226eV
1_9E « 0054512 A
N[>1s}-1P 700 inP
17 135eV
&S a0- 5%6*6 A
— Direct kap
--—-Indirect gap GaA*
CD 1424 «V
00 - 56533 A

Bandgap energy and corresponding **velength venus lattice constant of
(AUOai-crKIni™P at 300 K. The dashed vertical I'*e ahow* (AljrGai*”~Inojp lattice
matched to GaAs (adopted from Chen ft bl.. 1997)

Figure is.2

«Unttmn * o A Pbl °f*****x%* oTK] the corre”™ =n d In f Wavt*»er’th wnnx Lattice <

N*M»ble far free * C«mr*lon* http:/ content roM»«1*1.14>
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il external
quantum efficiency of tandoped
and N-duped G iA if vinws ibe P
mole fraction. Alao shown is the
calculated direct-gap (') transi-
tion efficiency. Up and the calcu
lited nitrogen (N) related transi-
tion efficiency. (solid lines).
Note that the nitrogen-related ef-
ficiency is higher than the direci-
gap efTicicncy in tie indirect
handgap (or > 504) regime (after
Campbell etbl.. 1974).

Figure \rn

Figure 13. External Quantun Efficiency vn Ktoichiom etric corefftcietrt of Pbospboroua in
ternary allay GaA* (1-x)P x .

Fee thr manufacture ofcnlouied I-EDS we have to tnr G aA ~i.,P, ternary sBriy. Thin han a probkm.
Beiow x - 045 it w s direct hand-gap m aterial hut at highrr proportion of Phmphnrom it hm vnr* kwiwet
and its performance hemmiw m y ponr an ahown in Figure 3A By dnping with Nitrogen it can be iwafcaed
to Direct Band»gap material and iitilfo ri for LED m anufirtiving. Tahle 3.1 tabulate* thr* different ternary
aBnys iav<H inr manufacturing the jpemum coloured LED *.

Tbbir3.1.The Ternary ABoy* (GaAa (1-x)P x ) uaed In the manufacture Oithe whole rang**
ofapectrum coloured LED . Here E g —1.424 «1.15x */1178BX 2.

1Colour ! “hnwlaftbo(/m >) Energy Band-gap(EV) V Suhetrate
[Bed VoGi 19 04 GaA*
! Oranyr t 0IC2 2 05 CiaP
Fynt rase 213 036 GaP
oTT I(LLI 233 ha636 GaP
jBlue j @473 211) 09 SC
Tbble 13.1

3.1.1. The Cryatal Structure of Compound Semiconductors and ita Dopent.
GaP,GaAa,GaSK InAa, InSb, b iP, AlAa, and AISb have thr the name cry*affine nfPicture an DianH*»
but ncm it ** called Zinc-Blende. It ia two interpenetrating FCC auhlattice* with one nihIinttke made <

Available for free at Connexion* http:/ cnxuwf, content coll 161.1/1.U>
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0*BO>~ ~ JTnent fhr ~*ber FCC wihlattire made of Group V element and one sub-lattice i* displaced
*ith resp«i *o thr other alnng the diagonal of the cube by a quarter of flu* diagonal length i.e. hy aytt/4.
fop net result in that rmy Group Ill In* POMFR Group V atom* a* neighbour* and rim ilarty Group V Mww
far Gmip W atom* a* neighbour*. Tbl* cmaplete* tlie o>valent bond requirement.

Tahle 3.2 tabulates the dopents of LI -V Compound «emionndnrtar*.

Tfehle 3.2. P end N type dopent* for lll-V Compunda.

Group N m v \Y Vi
Zn Ga Si As S
b Ge P *
N 1
Acceptor Am piioteric Dopents Donrrs]
Viblc 132

Slim n and Germanium ran either be Donor nr Acceptor depending upon what tliey mihfttttute. If Gmup
Il intwhrtitute tlien they berome DONOR and If they suhstitute Gmup V then they become acceptor. But
ance Si u ivnaller in tdre lienee energetically It In favourable to replace Ga hence Si is Donor in GaA* and
higgpr Ge substitute* the higger A* atom* hence Ge i* acceptor.

3.1.2. Band-gap Engineering.

The manipulation ofBand Stm cture required lor different kind* of applications w Band-gap Engineering.
There are three techniques of Band-gap F.ntfnering:

i. Allowing;
ii. U*e of Heterojunction» and
L. Built=in «train via mismatched epitaxy.

The Aim ofBand-gap Engineering is to tailor/niatom he the hand-gap amwding to the wavelength at w liich
w want to operate.

The second objective is to taikr tlie lattice constant according to our matching or our mis-matdung
retirem entv

The wide m iscihility range allows alky* to be grown witp» Band ntnrture* atfyurted And finally tuned frir
V n fIr applications

3.1.3. Propertie* of Alloys.

In Alloy* we liave Lattice Param eter (a)Law railed Vegard* law. If we liave two solid mixture a xs (1x,
thfll the Alloy™ Lattice Param eter i* ghen a* follows:

=«e .+ (- *et« 3—1-

Figure 13.4

*Bnys are not perfwi crystal* even if tliey liave perfect lattice utmcture. This blnuse in solid mixture
"y bave periodic plarement.
~ u al crystal approximation:

YwMabl* far frw at Connexion* <Httpe//crnu»g“co(itaan/collM15/1.14>
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Ejtoy « *.17 & (1 -*).jE 32

liave quadratic apprrram Atkvi *br>:

E*Kur* 13.6

latim X3 in the wiidp na tbr Equation ghwaiin Tnblr 3.1.
w in* induced dia-orrirr cauar* a BOW ING Parameter In compound MF»>mimnrturtnr W afo. Equatkm

13.3 are valid only if ti* nlko* k n finod mbrtim*ie. perfectly r«Kio f*i mixing,

wi alloy AxB”,)q n good mixing w w lllinto the Cart tliat the pratehttty tiMt A lasnrnaukbl byB
) and B iff fittrmunderl hy A la X. If proportion iff different from the a* irhincnptrir cnrffirient then it a
rd or phaae repeated,

t ofEq (3.2):
it banE, - 2.75eV and GaAa liaa E* - 143eV therefore in Alo-iG”~VA* hm

-03x1731 0.7x1.43 — 1JKBW .

Yaiiable lor frw at Connrxinaw http://anuargJC JU * col IW 1/1/1.14">
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Chapter 4.Light and Matter - Dielectric
Behaviour of Matter

Chapter 4.Light wun] M atter - Dielectric Behaviour of M atter fO PTfC S"1 by Eugene flecht,
llird Edition, Addison-Wesley-l-ongm an Incorporation, Readings, M aasachsetts).

Section 4.1. BriefH istory of Scientific and Technological Development in the field ofLight.

Study of Light and its application in Hunan Society can be traced hut* to 12IXLBCE. In Exodus 384
(achapter in TTie Bible) we find tlie mention o flooking Glas* oftlie LLL amal. Early wkTcn mere made of
pdhberlcopper and bronsp. Evidence oftlie imp atminors turned up in pMcavTitions of tlie wnrkprs* quartem
new tlie construrikwi site of Pyram id during the Ancient Egyptian O vili*atinri. At that time it iw made of
Speculum - h copper alloy rich in tin. In Roman Civilization we And tlif use of convex lens as Magnifying
Glass as well as Burning GUsr.

After 475C F. with the fall of Western Roman Em pire, dark nao descentled in Europe and the center
of Scientific Enquiry Miifted to the Arab World. Wamic scholar Ahti Ali al-Hassan Ibn al-Haytham (CE.
966-1011), known in tlie West as Alliaren. began liis career as just anotlrr Islamic polymath. He was put
in House Am>Ht by Al-Hakim, tlie Calipha at Cairo, because he (ailed to regulate tlie flow of Nile river.
While in Hoiwe Arrest firr 10 years, Alharen revolutkni/ed the study ofoptics and laid the Inundation fnr
the scientific metimd. (Mow over, Sir Isaac Newton.)) Before Alliasen, viskn and lirat were questions of
philosophy. Alha7«*n considered vision and Ught in terms of mathematics. pliysics, phytaology. and even
psychology. In his Boni of Optics, be discussed the nature of Ugirf and color. He Accurately described
the mechanism of sight and tlie anatomy of the eye. He was concemed with reflection and refraction. He
experimental with mImirs anti lensp*. He dtsrumed tliat rainlxiw* are caused by refraction and calculated
the height *4earth’s atmosphere. In his spare time, he built the first camera ofarura.

FYotn 1000 CE to VIO CE, tliere was <*ily a modest revival of Scientific Enquiry and Rewwdi in Eum pe.
The science of viskm error correction liy the use of Eye Glasses were Intmdured. Looking Glaw or Minor
Terhnokj*y was revived by the use o f liquid amalagam oftin and mercury coated on the back of glasses. Use
ofmultiple mim e and uae of positive and negative lenses were in vnjpie in this era.

Section 4.1.1. Tlie revival ofScientific Enquiry in 17th Century in Europe -The Renoasaince
Period.

Table 1. Time-line of Scientific Research in Application of Light fcr Hwnan Good.

But there was no conamwm About the nature of light-ia it a Wave or b it Corpuarular ?

*Tfcis confer* is available ontin* at <http: ,cn*.nr*mntwit nATA JI/>,

Av»iUb!r far frw at Connocwrw httpc .(-nx-nr* n»W rt m il 161.1/1 .1t =
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Rut there wm no conmmw about the nature of light-is it a Wave or la it Corpuemlar *

But there wm no conkmw about the nature of tight-fo it a Wave or is it Corpuscular ?

Time Scientist Subject

October 2,1008  Han* Lippeialry (1387-1G19)Dutch Spectacle Maker ~ ApfAr* Inr a patent for tIr Rcfrnrtggjj
w4 Galileo Galilei (136-1-1612), Padua. Italy. Riiikfc lim firm Teieaonpe kt A*rmari
1609 onward Antmnomiral Dfernveriea of Galileo Galilei. Four wtfeffite* around Jupiter wtiriiej

Q hud and analysed the Suny tt
He dierovered tlie poke marker! rubtH
He haw the ptuwe* bl Vem* wW Aly
He Identified Millcy Way ip c*ttto j
He ohaerved Neptune hut mildnoiy

After 1CID ZarhariiM Jan«pnn( 1388-1632), Dutchman. Invented Compound Vflfwen ik
After 1609 Willebmred SneO (1391-1626) Dwmvered the law of Refract
1657 Pierre de Fermat (1601-1663) Rederived the law of r ffiectrr

Interference and dMfrK» bn **
But there waa no Con»'iimi«

Tbhla 14.1

Within a year of death of Galileo, Skr knar Newton( 1642-1727) waa bom m England. He *udH tb*
diapenwai of Hght into Heven rainbow cokuot (Violet, Indigo, Blue, Gieen. Yellow, Oran*e and Red) hut
he wa* unable to reconcile the rectilinear propagation of UglK with the apherical waw-frimt  ligu A
poirt anuroe. Hence Newton favoured Grpusnilar Theory of Light.

Tliere wm a pmhlem of Chromatic Aberration in Refracting Telnrope which Newton was unable to
mrrert. So in it* place he hiill Reflecting Telearope in 1668. TIli* was «rfy 6 indaw long anda 1inf* w
diameter hot it had a magnification of 30 timesa.

Christian Hitygevw (1629 - 1693) extended the Wave Theory of Lirfrf and gave the thenaetiral has* (i
Reflertion. Refraction and Double Refrartkm. He diarmw d that tliere vim> perpemttrular polariTe.1 hrf*
(perpendicular to the plane of incidence) and parallel polarbH light (paralM to the plane of inrkieno «

AMtitabb’km W at <nuioTiona htlp://enT-nr* cnntPnt /coll 1«15/1.14>
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Ole Christensen Rimer (1644-1710) was the first person to rwrgru/r that ligiit vw not instantannsa*
Ixit it had a finite velocity. BaHpH on this reasoning in 1676, Romer predicted that on 9th November lo, a
jppor of Jtipiter. would emerge from Jupiter* shadow 10 minute* later Mum wlial would he expected from
tbe ym h average motion. The* whal liappened and thin bl to thr mnchmnn that ligjrt took 22 minutes
to cwrr a distance equal the orbital diamrtrr of Earth around Sun Lr. a dirtAnce bl 2 Artmnomiral Unit
(A1) where 1 A.U. - 1.4939ft* 10n m. t*ng this data we arrive At ¢ - 2.2654x Hfm/s biit tlie rorrert
value inf ~ Sx10*n/i Thifierror occurred due to unrierertimAtion in Jupiter's Obit sse.

Htiyg»n And Newton hawd on tlie same reasoning arrived at r - Z3x 10*m/e and ¢ - 2.4x10*m «
irtpertiveh

Section 4.1.2. 19th Century - the etwrgenre of Wave Theory of Light.

Dr. Thomas Young (1773-1829) in England presented 5 series of papers on Wave Theory ii Light in 1801,
1802 and 1803 before the Royal Society of Londtn. He added a new dimennon to thr existing Wave theory
hy ilnrtrating the Principle of Interference. He ncplained the coloured fringes in thin films and detemined
tht wiwi”lpngtli of the srven minun* of light.

Augustinr .Jean FresnH (1788-1827) in France independently explained the diffraction pattern arising
fnir various obstacle* nod apertures And he also accounted the rectilinear propagation of Ligfit hewed on
Wave Theory.

In 1725, .lames Bradley (1003-1762) attempted to measure the dirtanrr to nar hy triangulAtion method
by observing a given star at six mootlts time period. During tliis experiment lie observed Stellar Aberration.
Thifi in difipreirt fnia Pfcrallex Error.

The proWeni k4 petpendinilar and parallel polarization led Young to is ir the mode of propagation of
Light. Initially it was assumed to be kingitudinal much as the sound wsves. But detection of piJariration
farced Young to postulate that Light had Transveiae Mode of propagation.

By 1825, Wave Theory of Light was established.

In 1849, Armand Hippolvte Louis MaTn (1819-1890) did tlie first tenestrial determinAtion of tlie speed
d light in air. It came to be 3154M km. s.

Sdhapquentlv Focault measured the velocity bl HgU in water. It turned out to lie less than r\ Tliis was
interoperatei as snme kind of drag eflert hy die water medium. This al*nv>ntr*rficied Newton's Corpuscular
Theory of Light.

In 184a, Michael Faraday (1791-1867) ertahlislied tliat a strong magnetic field mold change tlie Polar-
isation of Liglit Beam.

In 18GL And 18G2, Jaines Clerk MaxwvU (1831-1879) synthesbed the empirical knowledge of Gauss s
Bhegence Theorem. Faraday Induction 1jm and Ampere* Circuital l.aw into fcsir differential equations
*nd lieestAblis)i«4l that Light was Electro-Magnetic Field propagating in all pervading aetlier as a transverse

at a velocity c in vacuum:

cm-r where uc» absolute permeability and « absolute permittivity 1

Figure 14.1

h e dielectric medium tlie velocity of pnipagation (V) is:

Jiel BV kw frw «t Connexions <Http//crauag/OMMai cntlx<J11.14>
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Inanon - magnetic Dielectric
v*r »

Pipw 143

htrr o - refrnrtiw inripx of the nmrpnn].

nm (11) Hinpviriw* thM n - rrfrnrtivp blpx - Jef .

nm MaxwHI tHpiAtiorw it wm dwur timt Li®it ww an F>rtrr>-MA#v4ir distiirbowvt* pmpufltfing out rf
*atrrp with the winrlty bl linltt with a apbTra] wnvr-front.

*>Fmir VUrwpi Equuitinrw in «MfirmrtW Inrm *rr

Dmp or VE P where D- Mb* Heretr- relative permittivity
\%

r
« dielectric constant. This is Gauss'slaw which states that total

Fi«urr 14J

electric flux coming out o f ogiven volume is equal

Fipw 144

v the Uftul electric charge enclosed by ihe vuhnme. 2

Figure 144

feaflahfc «or frw at Connexion* <:httpe//cn«”»illaMteMt/callHttft/t.14>



VKEm - Y this directly followsw from Faraday's Induction Law

Figure 14.6

which statts that total induced m f Ina Copper Wire Coll Is equal

Figure 14.7

to the rate of changt of magnetic flux cutting the copper coil 3

Figure 14.8

V X N —Jc(ituuhu linn titrrtmi d$m\Jly) + ~ (ilLsplurmmim| iw im 1I)

Figure 14.9

this directly follows from Ampere Circuital Law which states that the line integral

Figure 14.10

Nanabk* fr free at Connexion* chttpe/ mx-orx/oontent/c* W it/1.14 »
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ff MuyneUt Field H b mfutd iu ike current enclusrd by ike tnleyrul puik 4

Finure 14.11

V.H - 0 this foliows from the fact that there is no bltimetic Monopole i

Figure 14.12

ora (2), (3), (4) And (3) it * erkfait that:

Then* & a general perpendicularity of E and H;
The Maxwell Egmtinna are eymfnHriml;
E And H Are interdependent.

varying E field through (4) prodtmw H field which is perpendicular to tlie direction of Hangr- nf E and
varying H field through (3) produce* E field which is perpendiatlar to tlie direction at change of H. So
ElertKvMjwietic diaHirbance la produced aeif sustaining franavfw Elertro-Magnetic FWd travrb out
the flnun* of diaturbanre an alxarn In Figure 4.1. E and H are coupled in form of a pube. E generao-s
Iher out And H generate* E atill farther out. Thi* 5-M wmt travefe out in nelf aivtAined Caahion and
blno need of apthrr. Still Maxwell aamimed that there war an all pervading luminHerntw aeth»T which
d the prnpfifpttion of E-M wavea.

JIm/labFim fw M Connexinwi W ttpi/cn*A.rnmMmm crdmi.VI.U»
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Figure 14.13

Wa (hruff> m accelerated in poritive X-directk*1 a* sliown In Fljpre 4 1 then a kink n produced in the
Bfnrir FWrt ar (c«dt). This kink travrl* «a» s» *c\ It )ia# a radial mi well a* tranavpwr component. Radis]
®G*pcnent(elecire pair onmponent) diminWiea sH thbe square of r while Tranuve»** Component(nviiative
*™hpnnent) diminish#** as V. Hence after anme distance r, only TVaneverse Component remains wliich
wtariies from the rtertrir dipole and trawl* out as self-«ipportin* &M Radiathe Field.

In 1888, Heinridi Rudttf Hert7(1857-1894) generated kwi* B-M wa\r* and puhKahed tlie rrwilts in tlie
*"bmphioO TYanaacticn* of Royal Society <fLondon.

h 1881, Mirhefo*v\{or)py completed tlie measwment of velocity of lijslit in different frame* of reference

*  001'Wdetect no ciian™e in tlie standard valir erf ‘c*. Light velocity seemed to be invariant erfthe amtree
°* PmiaRkm velocity.
4.1N. The Conceptual Paradigm Shift at the turn of 19th and 20 th Century.
Invariance erf the wloctty erf kgM to the FVame of Reference necessitated a paradigm rfiift in the
JrArrtirHI franwwrxk jtfwn by Newtewiian Relativity. Jules Henri Pn*rarr( 1854-1912) was the fir*t to jyasp
fti" “"Variance and he expressed an ahernath* view pofr*

.VsmiUhl* for fn# *t Connexion* < httpc//enx.o»k/eoT*»1/Cbl1M IA/1.|4>
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4)ur aetljef - doe* it willy exit* ? | dnnot believe that mo*e precise observer nmild rvrr rrvml mnrp

ian relative dv~larement.”

In 1905. Albert Einstein introduc'd lib Hpecial theory bl M ativity in which hr *hr**d that.

4 he fetfmductiofl of ‘LuminifrfiiiM Aether* wii prove miperftuoi» In m imirh m the view here to be
(TwplnpeH will not requirp an abwlutely stationary sipare.™B-M waw w « now envimged ah a «rtfaupportin*
ind setf-eiptaining promts without the need of a substratum.

4 U 1. Sperial Theory of Relativity.

\’ewt«nian Mechanic* fails the tart of invariance of the of light fmm frame to frame. Eirwtein
«mfad thin failure of Newtonian Mechanics.

Time measured hy a dodc in a given frame of reference inrailed PROPER TIME.

In moving frame, time imvwured hy a dock plarerl in tlie wvne frAme of reference te

Figure 14.14

Therefore

dt(Rest Promt) * i: »?™i2L{ram' >xTims Dilation

Figure 14.15

Equation (C) implies that time alow* down in moving frame as obaerved from rest frAme. That isa per*»
in a mewing frame will he seen to age «lowly wiren observed from the rnrt frame

Snme examples of Time Dilation:

Example J. This experiment wm carried out in CERN.

Pnritive Kanna haw a rest lifetime of r* ~ 0.1273/a

In tbe lab, it * gwierated at a velonty of 0.927r.

At this Relativistir Speed its observed life-time  0.879307/#5.

This is the mailt of Time Dilation.

Distanee travelled in the Lab before it derays is - 0.927c*(X879337"s  244m

Examplp 2.

Conroe Ray* are continuously bombarding oiit atmosphere. Coemir Rays mnsist of PROTONS.

Protons mlbde with Nitvngen Molecule to form to form Pinww. Pkms decay to Muons. This <d”™* ~
a lieight of 45Km. Mum* belong to Leptona. Elertron and Tathlepton belong to the same group f

partides.
L, g My of Muons - 99.99439? of c.
Its rest lifetime - 2.2/ts. Tlstt is in rest frame the lifetime is 2.2/a *n

If it was travel at 90.99439? of c for its rest lifetime of Z2i* it would travel only 659.0T and it
never be detected on the ground detectors.
But it is detected.

\\*ibhle hr frw at Connexion* Imp: T*n»ucontent/roll161.V1.14 >
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Thin w, berate#* its obl rTT! Ifrtime fmm Ground fa 0.019298fis and U t* traveling at 99.9943% of c.
Hfwe=>dfptancp travrtled a* oUrrmi frnra the ground - 3785JKra. Muon hi* hew gwierated 45Km ahuw
the Gmmd. Hmr*» it nutty rearbla ntr Ground and i* nmdtty drterterf

I(length measured in movtng frame)

= ic(j>roper length of a body tn Rett Frame)

w Contraction o f length

Pigurf 14.16

In a moiing frame tnuwmw* dimenmora remain unriianjpd.

bet Tf , r9, w*he the vrioritir* ofa body in real frame. _n

let ¥t*, W »v,” be the vploHtW* of a body in a moving frame. The moving Fran* is moving with
H HyVte (-)w x-dirertiifi.

bam<nrt n'ton of Velontim from Moving FVame to Rent Frame m given a* Wlow*

I PR A
od +V wrjl~7* M 1-?
— V7?7 = ry lps= v'K
»+ A 1+ "7 1+MIr

Figure 14.17

If theobwrvrtion m instantanusa» then velocity of light V’- infinity and (8) Itthlcm to:

\ - "ieViW-*Jjw - w[ Uurmfwm F; 4
Figure 14.16
WhUfrtttm*in 8 mnvin*train, mortn*bl( )wX «hrobw rf
*bl<* mrnDt in <+>~ Xd«mt«i - «'*boty v. thrr.inmor**

**memmmill wihie of the winrity off Wind la:

Awilahb. far frw at (‘fonnninw <MtfK//cnx"n*aMtMit/cnll N115/1.14
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®_yA_ V. vwo=UX» —U# "

Ffeure 14.10

«t vrlority of Ifetit n not infinity I#nce mnwimi vahie of the wlority of Wind from thr moving frame

«1 by equation (B).
N.1.2.Micbhel*on-Morley Experiment and the invariance of thr velocity of light.
dority of PHOTON from n moving train v pven hy Equation (i).

va+V
Thermfo rt vM» ----- ~Tp u

1+AT

Rearranging the term* ** grt:

Figure 14.21

Open the hnrWt in (12);

Figure 14.22

Put dashed tfrnv» on I.HS and undaahud »enm on RHS

4*ilabW> for fra* at Tonto TkAa <1l»«pe//«« M« 1BU*/«111BH/1.14>



r;-5£" =*1-n «r«f(i-3£)-0b-v) tk ffon

FiKur** 14.33

But in Rt Frame vw- ¢ in n photon therein** rncMireri in a movin* frame:

_ (3) <t 0 L («-V)_r
F¥> (-3) <>

Fi*ur* 14.24

The wt of tmrvrfnmuitinrtf arhJewd hy Ecjiat**! (8) hw to he populated in
invjuiAno of velocity of light w dernnmtrated hy Mirheton-Mnrley.

Available for fin» at CXTTTIOK» < http:j /anusLy, ooetpirt/col 1 I« Ift/1.14-
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Chapter 15

Section 4.2. Dielectric and its Physics.’

Section 4.2, Dielectric and its Physic*.
Non-ftfiducf ing materials are drfined as dielectric. The surrounding aea of air i* dielectric. Lttue*, priwn*

and fihnfi are dMprtric. Onre light enter* a dMpctric ire must ronaadpr 4 -/to * /* andc - <0 * s». That
m relative permeability and relative permittivity must be Aftvwmted which in vanmm are unity.

Dielectric wliich are trarwparent in vtrfhlr range are norwnaigirtic. Hence hy thr definition of Refractive
blrx n- c/v - y'fr. This in Equation la in Serfinn 4.1.

What dope TRANSPARENCY tmwan in material* srience ? Light ran paHs through a transparent material
without ahanrptM«i. This mearw KgM doe* not interact with transparent materia]. In scientific language it
WWW that Uj(lit doe* not interact with the medium it is passing through- If h interacts then the medium is
not transparent

Rewriting Eq la we L[

Figure 15.1

In Equation o, Refractive Index V is me/wured iwing vWhle light and the argument of the square root is
Static Dielectric Constant which in qtite different from High fVequenrv' Dielectric Comtant because of the
bask physic* which causes relative permittivity. Let us examine Water The Refirartive Index of Water is
L333 but static dielectric mnstant nf water is 90. So Hisevident that refrartivr index is frequency dependent.
This was evident snme 3M0y m s ajgn when Newton managed to disperap the Sun-Ifcht mto spven colour* of
« Rain-how. The fcrt that ne can dvpenr ligiit means th* Refractive Index is frequency dependent.

4.2.1. Why is Refractive Index frequency Dependent ?

In vacuum:

"Th* cttrttr* mavailable nalfae at <bttpc//rTocATru/TruT» /nvtt>72»/U/>.

Available far free at O—  IBHS <http://cnx.onL ‘contest/«nil

119


http://cnx.onL

CHAPTER 15. SECTION 4.Z DIELECTRIC AND ITS PHYSICS.

rtirfc Mun DvnbiLy — 7
Figure 16.2

material:

rAMI 8
Figure 15.3

, D are the same and relative permittivity of Dielectric u greater than U*Ity hence tin»
x cmytes a lower Electrir Field in the medium as compared to tliat in the vacuum. So

ing flux density amunted far. The remaining Flux density is causing Polarization and tlie
lowing:

Eblyp = E£TEbip * SFMID thfTWfOTf P s (fe n

Figure Ift.4

nof w Electric Flux Denrity D in a dielectric medium csausen an Elertrir Field m wpll as
tirm.

m Marti avwater, the dipnles grt aligned almg the line of Electric Field. Tills to defined
WHrAtion  PaeWhrtatlnmi*
rdJum, applied flux density rlist«irts the electron cloud with respect to the nucleus *4the

nter ti electron gpts displaced with respect to the center of nucleus and a dipole Iscreated
s called Electronic Pabjfoatktt -

S surti as NaCl, the appttratkm of Elertric Jlux dispUmi poritive and iwgativr icns
0 lente and producing Atomic Polarization or Innic Polarization —P«towtr*
pgKr some examples of polar and non polar dielectric gases,

mrted Molecules and their dipole momenta.

lecules  Conflguratloa Ne+1 dipole moment !
+w and -w rivirjr centers coincident  Zero
+w and -ve riiargr displaced 6.2XI0*™ C-m
-fw Mid -ve riinrjr dig!* displaced 0.40> I(T*»C-*n
1ve and -ve rimrjr displaced NA43vKT® C-m

Nwvlllabl* for W at C/mreifons Httfe/ crm»*wt rrillfilft1.14'»



At kiw ftequenry or under DC cnwititinn:

Pigiire Ift.fl

Due to the contribution of all thene factor* to potaraatiun depending upon tlie rfttMdon, St/tfic DMertric
Constant to VNY high. In water it to mi big)) w SO

But m the rimwnidaDy wying M I s frequency to inrreaard because of npp~uta**' moment* bl inertia,
polar molecule* are unable to keep up with the alternating ftoM and their eflertftr contribution to the net
polaraatifti (krww . In Water dWertrir cm*ant to 80 up to 1010!!* but it rapktfr " beyond that
frequency. At Pua Hx(in vtoible part of apectnim) it (alto of to 1.78.

b etortmnir polarbatkm, Hfrtmn rkiud lia* no proMrm in friUowing the dirtat” harrmciiralh
wying etoctrir field. Hence eiertronir polarization makes It* contribution right up H5 ~ *** Ht*

But fkrtmtik polarization gjww rise to a rnmnanre ahanrption phenomena.

An atom ran he treated a* an harmonic orillator with a central muring Um f ~ -kx K - spring
cwwtant or moring ictre constant and X to the incremental dtopklcament frt*n H* LLL & bl btra poaition.
The hnrmfvuc oariDator appears «1 nhnwn In Figure 4.2-

AvaiUbW+ for fiw at Cnunexkma b H (k//cnn”/tTm<uwn roll1*1.1 1.14>
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Figure 15.6

on of motion of this atom with n apbl-nrally symmrtrir Hertron ck*A surrounding thr nucleus

ng force = Ry = wh(t) * #loctron cloud Is subjected to an eloctrie force

Figure 15.7

/4*11able for frw> at Connexion <http://cnx.a»|(/roTanrraM IfiLV1.14>


http://cnx.a%c2%bb%7c(/%20%d0%b3%d0%be%d1%82%d1%8f%d0%bf%d0%b3%d0%b3%d0%bf%d0%9c%20Ifil.V1.14

123

The «quarmjn blmntion of than harmonic onrillator iic

##CO*(«we)-KX - T ,— 1

Figure 15J

The Vi term on LH.S. in the eiertrir perturbing forre. The «rand trnn in the rertoting fnrtr where k
in the nprtng crvwtanr. R.H.S. D'Alembert™ kwre due to arrefrratinn of perturbation of einrtmn. (11) ins

nnmnd order linear difrn-ntiaJ ccjiation with a Complementary Function 4 Particular Integral an itn total
notation.

Under faring funrtmn itn luumnnir oncillation inan f JkTu

12

Figur* 15.0

(12) implien that rkenw r the incident lig)* han a frequency equal the natural frequency mo resnnance

ocruw and tlie incident light * completely ahnwhed hy the nwdhun an dfawipativ«> ahaorption.
Fvhm (9):

tm L +j —exJV e density of dipole moments and N

~ cenrrlbvttng electrons per unit volume 13

Figur# 15.10

Suhntituing (12) in .13) w obtain:

4*iU h* «» fn» at CnmwvioM - Htp://cnxMflcaHkmtH /Cbl11615/1 .14>
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€%N

14
L||+ 8 a* *e+ («4 -V ) tN

Ffeure 15.11

we know frren (U) that refractive n*~ tjt%. Therefore Disperaion Relatim where Refrarthr Index
‘HHnl as A fiiactkm of frequency is as toUovs:

~crh?) «

Figure 15.12

.2. Two cam* of Refractive Index - below end above Reeonance Frequency (w0 )

e 1. * < «m), P Hftdapplied E me in phs*e And n(w) > 1. This kind of behaviour is seneraHy oherrved
val World Anrxtnd.

e 2; *>>wg. P snd applied E are 180*

Of phAAP And M(*/) < 1.

epint of Fxjiiarkei 15 as given in Figiuv 41

Available lor fr*e at Connexions <htt]K//cmuorjb/CMit*i*/'fwl11111S/1.14>
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Figure 15.1J

If tlie incident photon (h*frequency)is not strong enough to exrite the ctynallnr at«n then the incident
photon kscattered nr redirected. Thin in called Ground Stair non-renonant scattering.

If the incident photon inequal to excitation energy then the «tom will he excited front ground Mute to
oop of the permiaahle hirfwT Ter© statenAihwgilently atom will Msax to the groemd Mate and release its
excew energy an thermal energy. Thin in known an dissipative absorption.

If incident photon in bm than the exritatim energy gtuuiM but matches tbe natural tm(umcy of the
dectnm cknid system around each atomic nudein then the Alternating Electric Field of the incident photon
will net the election clouds in to nacfflation. The crystalline Atom mntim>ffl to he in Ground State but
electron Hnud in each atom inapt into a weak oscillation. TillsoarillAton vibration him two consequences:

1. Displacement bl the center of the electron cloud with respect to the renter of tlie nuclei* giving rise
to dipole moment qd where q - electronic rhar«p and d - dinplaretnenf of the centf* of the negative ciiargp
with respect to the renter of the positnT charge.

2. Due to alternating electric Feld the dipole mtment inalso oscillatory.

Orilktory dipole inammpanied with dipole elecrto>mAgnetir radiation in accordAire with the classical
electnvmagnetir Maxwcll Lawn. The frequency of the secondary radiation in the same an the frecpiency bl
the incident radiation. Since elertron dnud plun the nudeun form a perfectly elartic nyntem lienee coefficient
of restitution in Unity. Junt m a perfectly elwtic steH ball will continue to bounce up to eternity because H
ina perfectly conservative symem. In «tartly the name way the incident photon *tn the oariMatory dipole
in motion and thin oarillatory dipole re-radiates the name energy at the same freqimcy bit with an altered
dfeection If the incident !i#* in unpolari7Pd then reradiation talops place in random dirertion.This in known
an elastic scattering.

Diving irradiation, the srtting up of dipirfe nsrillators snd secondary re-radiation is rapid. Iftlieemmm
Sfe*ime is of the order of 1 0 -fi sec then dipole filialor will re-radiate 108 photons per second.

If incident frequency is equal to the natural frequency of the electron clnud system then amplitude </
db”jlacpinem is larjr leading to a strong dipole moment and causing a larjpp cmw-sertion of ahanrption. At
a modest valur of I(T2W /ar2 mridenre 100miHion pliotdis will be re-radiated.

When a material with no mrjnance in vMhle spectrum is bathed in White light, non-resonant scattering
taken place and thin givr* each participating atom the appearance of being a tiny source bl spherical wavelets.

YaO*. far fiar at Cannnkm "1/1p://o«n™«n1Bit/o>111116/1.14>
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ihetotHentp~"" flw to the rearmanne L} ran ' bl tir** eder,r,in *****«W in 'be rn,»,.
twupMrve abl pxprA"11™ A“bthpdW Fftiir material. In "«Hum the strong interact L{>1

vkvtiw nh. i, L
mding- <Y*«r of * " A wkv frrgiienriw tI»t rreatr* tb** ™ 17 *ppwancr of the mult».

*there ure threp *L ***' ">y Ab e g, oofcatr erfleav**. appk** nnl **» *e
m Infra-trd to VW****00 hark*' ** various dieiertrir wvi lir* «tow a broad hand of4*rtrnm
nun aw). **fo LTtra-vinlet to X-Kay. Below ffi thr** ahanrption hand*ran be in R f

1abso4p/qon Rﬁew ,he N«nnrt Dwpen»” Band of brqu*&"** h th* <*SpentLuyLy
dex. Tl«Hr*e Irvanf nrve as shown in Figure 4.*3 H*I** have higher
Jet henrfc the di*>ers*in of wliite light bv a | ™ % BpH kmda u*
Mpatkm. HenrTHrrp thw " mattering of light. 1 ~ t » ahmrbed and irradiated

T U f
ipativr AhmrptkT" bl tb* KV m FEREE <<banrbed and Hwwopated in formof hrat. TLi*
In ahanrptim hand the refractire tadex b « N negative «lope as shown in

ﬂFﬂﬁﬁpHggnperé?o" <1 w i in Figure 4J5) meaning bv ***** »«* a phasp vrfority greare,
mt frrvn the cW * hp ypoc*Y * wilirf»«*TO trawls, t-nuwx below velocity of hglit

ve meHlantern dp#** 1/ ~  fhe n <*the **P*7nim, electronic polari™**,
*wer than the re*™ ™ 11* the index dependence <** frequency. Whm thp incident
my renal] and iru*nrp characteristic frequency r”~tnral frequency’ tlien orillat ro>

*fcinrrfvwd and**4* li<hf * rtwialb' "r*ttered. Tlier#* * 10" P alkill- At tendance
nA though it *~ P rttiv p ahanrption arts in. The mater**1 becoTps opaque In dtarapaim

Sna transparent at other frequencies.



Chapter 16

Section 4.3. Dielectric Loss."

Section 4.3. Dielectric Lon.

ThrnrrticAfly the dirlertrir centttnH h real and s rapwdtnr having a dielertrir sepin*m«) of plate* abraym
caiHPN a 00* Lending Cutn™ with wwpert to the applied voltage lienee km M m o0 and an idra! capacitor
in Always a conservative symet. But m we have aeT that dtapAtftr ahaorption can take place At Wgher
frequent-aw. The relative permittivity At alternating frequency K lower than DC relative permittivity and
rrlativp permittivity hernmracomplex At freqnmrin* wheie km ocnom.

Thermal agitation trim to randnmiw* the dipole orientation* wherea* the applied Alternating field trie*
to Align tlie dipole moment along the Alternating field. In proem of thi* Alignment there w inevitable lorn
of Hectrir energy. Thi* kw * ki*r*Ti aa Dielectric Low. The abmrption of elertriraJ eftrrft* hj a dieirctrir

material mih>cted to Alternating Kl*ctric Field i* termed an Dielectric 1/m
Under DC condition er is real but at high frequencies

Fijpipp 16.1

relative permittivity sr * tr- Js? 16

Figure 16.1

The leal part is the Relative Permittivity and the imaginary part i* the Energy Law part. Beraiuw of
Complex Belatiw Permittiv*y n km angle (*) i* introduced.

401. Lorn Angle (i).

Parallel plate caparitor a grv”n an finlkanc

<Tbh ennti wt laawiHabtamike ar <bbpr//cTxe¥/canneT/TMITHO .t

towtohe fc*'r- b» at CanT/lcaT <H*iK//anuant/taem mil KOA/LH>
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CHAPTER Id SECTIOS 4..1 DIELECTRIC LOSS.

. where A - cross - sectional area of the Capacitor and d

« between the plates 17

Figure Ifi-3

for the kuHy nant» of thr (M cctne wp amnrne complrx niativp permitthit)*. Henop wp

Lr'T - C,-yc,where C,- mdct--z-f- 18

PSKUN* 16.4

f thr Cupmeitanrp caiwpp QiiAdrAturp Component And Imaginary Pah numrn In-Plwwe rnm-
Kpbaap component caiMPfi the Um Angle hence km Angle bidefined nn

Figure 1B.B

p 41 1n% tabulate anmr important dielectrics and their low Tfengmt*. In Figitrp 4-4 the
«tivhy Rml PArt And Imaginary ftut u plotted m frpgtimcy.
I. Some important dielectrim and their lorn angle tangent.

Tan (4) Dielectric Strength Application*
0 31.7kV/cn At 00 to Tpated in 1cm gap
0002 to 0.01

cootimieri na rmrt gor

NveiUhl* Inr W at C/tnrwxtone httpe. cfmtmn rrillfil* 1.14:*
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SO, a00010 10MV cm at DC 1C Technology MOS-
FET

BaTlO, HOLW to 002

Mira 0.0016

Polyntrene 0.000! Low b e Capacitance

Polypropylene aoooa Low Tm Caparitanop

SFeGaa 79Jk\* cm at 60 Hr Ila*d in High Vohajgr

Cimat BreaakersiTo
avoid diariiarge

Polybutane >IMKkV/rm at 60 H* LkftH dielectric in cable
filler
Traiwfinmir Oil 128kV/an at 60 Hz
BoenriUcatc Claw IOMV/cm duratkm
1)*GMY cm  duration
30
1bble 16.1

/1,

Y| 10%6 Hi 10 1211 10 16H1
Uv Frttw ta NIt W m lafr* RH lira Mdrf

J.. A N~

Flfare 4.4. PUmof Im «fta«n F*rt «MI Rr«l Pan«l1H «*T

Figure 16.6

Anwm in Filpin* 44, there in fijpiificant kvk at kiw frequency, at Rarik>-Waw fifgiimn, at Infra-Red
frequency and at lltra-Violet frequency. Theae mrmipond to the natural frrgnencir* of the electron ckaid
4rw«n rfwwn in Muure 41, For H i («ymeTn we r*cliiire capacitance with dieiertric material harm* a
vny low km *njor. Thrae an* «enemlK Pojy-«terme Capacitance* rw FViy-pmpyWne Capacitors.

Section 4.4. Piezoelectric Effect and Piezoelectric M aterial.

Available for free at Connexion* «bl<p;//Cnxnruy/onnKu«1#«|111115/1.14>



CHAPTER ia SECTION 4/1. DIELECTRIC LOSS.

resulting from Pressure is known as pie»wslertricity. This Wrailed piryoriprtrir effort,
rauaas defcrmalion of surti materials. Tliis in known an inverae p*e7o-elertrir eflect. Tlie
ily imml pimwlectric materials are Quart/. Fochellp Salta, Sodium Potassium Tartarate and

«alts are medianically weak hit electrically vpry smaitiw. Hence iwed in nurrophnnm, hoids-
md speakers.

e are meriianirally the stronjpat bit eiertrirally least aeniitivr. At frequencies higlier than
stionri breaka#* ran take plare licnre meriianirally strangest materials are used namely Tour-

*fns are wry popular as the atah leal electronic <wrillators. Tliese are known as Quart/ Crystal
d to date theae are stab leat with only Ipart in milUon drift due to temperature, aging or load.
MS narillaucs liavp proved to be even more stable. In Quartz Crystal Osrillatora, Quart/
oarillates hut heraime of its piezo”lertrk property it behave* like a LC Tank-cim*t with a
artor. Hetre it allows the electmnir OHrillator to oarillate at ita Resonance Frequencies whirh
iependent on the Physical Dimensions. Hence as long aa Physical Dimensions are acnirateh
+long tlie requisite (filiation Frequency ia am irately flprvrated. The reaonanre frequencies
*standard nit Quartz Wafers are given in Table 44.1.

«1. Raaonance frequencies and the Q-Fartor of standard cut Quarts Wafers.

FVaquecy(Ha) 32k 280k 525k 2M 10M

Cut XY Bar DT DT AT AT

Ba(r) 40k 1820 1400 82 5

U(H) 4800 259 127 052  12mH

C*(pF) W1 00126 0.00724 00122 00145

Cf (pF) 2.85 5o 427  4N5

Q Factor 25000 25000 300)0  80,(1» 150LL) 1
TahW* ie.2

cal analog of the merhaniral vibration of Quartz Crystal iaas fallows:

\nalog of tlie Maas of the Quartz Wafer ia L*2.

\nalog of the spring o instant of the Quartz Water is C*.

\nakig of the damping of the Quart/ Wafer ia R,

>araJW elertrode raparitance.

s rompriaes the intrinaif series reatvianre path and Cp if in parallel with this Series Reaonanre
1In Figure 15.

4*iUhi*- fnr frw at Cnnnexton* httpe/ rnx”ry conrwn rollM14'1.14>



MN|bIIr7 Crystal Fouivalent Model

Figure 4.5. Qaartz Cmtal Efcctroak Eqgahaleat CircaH

Figun* 16.7

AwfeM* forW it Caemrrkm <L~/ <mw/eewT/aN%LW /% M>
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CHAPTER 16. SECTIOS 41 DIELECTRIC LOSS.

Quartz Crystal Reactance

/s 2n~LCs

cnrcC

P*hMMy

Flgare 4.6.QMrtz Cmtal Rcactaace Plot aad Zero Pole Pattera.

16.8

Nmitabla inr ftw * Conmorion* - http://rnx.orR,coToi roll 1615/1.14»
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Chapter 17

Section 4.5. Piezoelectricity and
Ferro-electricity.’

Section 4/1. Pieso-electricity and rurro-cicrtricity.

FVzoeWctrir rflrrt wax diarrmfH hy Jacques And Prrri Curie in 1880. The* dbnowml that cm Ain
material* llkr quart*, Roriiette Salt. tourmaline and Sodiim Pbtaarium Tartarate exhiWted polarization on
the appliration of tnerhaniral strem w nhram in Figure 4.6.

Elonfotton Stratacaam
poilttva polartzation.

Ftfura 4A. Hai pooM of H m aloctrte malarialto Clonfattoa ond Coaiprottvo Strata.

Pigtm 1T.1

AppBn¥*ioc of electrical field m um mechanical tHhrraAtk*». Thinwcalw Inww JT nm W r Efim.
Uiing Inversr Piero-electrtc Efim, kra-sonic transducers ran he birih. Alternating EWrtrir field appiieH in

‘Thin content inivihhir nxltm* at [cHXATLUKNABNt/ sHATWIA/L1/> .
Avaflahlp kw frw at Connnrtrmn <Ktpt//onmr|/(inn» iit/onllH15/1.H>
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CHAPTER 17. SECTION 471 PIEZO-ELECTRICITY ANT)
FERBO-ELECTRICm

roty ran#* 20kHz to 100MHz will *et the pienxrystal In meciianicn] vihratkm At the wane frequency
w the frequency happens to be the natural frequency of Twwwmnrp as determined by the physical
gw. if the applied alternating electric field is <4F-resmanre then very weak mechanical vihratka*
et.

*n in Figure 4.6. there is no polarization infer zpto strain. W bn tensile or compressive strain m
to such a crystal. Halters the separation bftiwn (+)ve and (-)vp diarj$p* in earii elementary cell,
ds to a net polarization in each imlt cell at the crystal surface. The Polarization is proportional to
lied Stme and its polarity is direction dependent. In the Figure 4.6, Elongation or tenrfle strain
ositive polarizatkjn and Coropmvdve strain causes negative polarization.

o creates Electric Field and Electric Field create* Elastic Strain causing the physical dimension to
accordance with tlie electric field.

Vs Quartz, Rochelle Saha, Tourmaline. Sodium Potassium Tartarate we liave piezoeiectric ceram-
I is an example of piezo-electric ceramics. PZT is pohrrystalline ferroelectric material with PFR-

I'E crystal stricture.
vskite lias Tetragonal RhomboliedraJ structure very dose to Cubic Stmcture. They have a general

as follows:

414, + B 4 -* ABO}

Figure 17.2

pA is trivalent metal ion such as La.
trivalent metal ion such as Al.

rnboliedral Penwskite is LaAKD.
"is a mass of minute crystallite*. Above Curie Temperature it exhibits simple cubic structure with

mbarge center and (-)ve charge center hetng coincident as sliown in Figure 4.7n. Hence the crystal
yasymmetric with no permanent dipoles. It is found to exliihit paraeloctric heliavior. Ability ft*
ning eiertmnic polarization as disnmrd in Platens of Dielectric Chapter.

adectricity it tlie ability of many materials (specifically ceramic crystals) to become polarized under
lied electric field, t 'nlike Fermdartrlrity; this can liappen even if tliere is no permanent electric dipole
asts in the material, and removal of tlie fields results In the polarization in tlie material returning
K The medianistns which gfw rise to paraelectric behaviour are the distortion of individual ion*
cement of the electron cloud from the nucleus) and tlie polarizatkn of molecules or combinations of
Orlnir.

adectricity occult in trystal phase* in which electric dipole* are imalioied (Le. unordemi dcmaiiw
e electrically riiarjpd) and thi* have the potential to align In an external electric field and HUengthen
twnparison to tlie feimelectric pliase, the domains are unordeied and the internal field is weak,

p LiNh()3 crystal is ferroelectric below 1430 K, and above this temperature it turns to paraelectric
Other perrwakitfs similarly exhibit paraelertricity at Itigh temperature*. Par«electricity may preside
mathe to the traditional heat pump. Acurrent applied to a paraelectric material mill cause it to cool
ewhich could be leeful for refrigpratkai or for cooling computer chips.

Naafabl* Inr fm- at Connexions httjc//Tx-ow /content rril 1ISIS/1.14>
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CHAPTER 17. SECTION 4J1 PIEZO-ELECTRICITY AND
FERRO-ELECTRKm.

j, 8 With>r ~ ~ DOMAIN, the dipukes are. *rlfallgned lienrr WbJSS DOMAINS ha* a
n t igiu* 4an vinn 4p(® mnmpnt A, u1* vni,,,,,,.. B DOMAINS in PZT a«e nwrlnmh

iivaf i ineaoum pdarl/atmn nr Piemelectrir effect i* apto. But thin Tass of
"™ juT ta P7T ~on'ablr« nw/lnl,> Oriraterf WEISS DOMAINS can he indurwl to bn* net
0iThy theappletil Pm r*f ***e Th* * railed Elertrir Pnling and li** hm iUuHIrantl
re 4Ab.

Pkonoomiy OF.*n t « < J Dom" ne
(b)Alifnod W eits O omkm by Electric Poting.

gur« 4 « PZT moteri® b#*ow CLW LW TIM PfRATURI before electric poOnfand oftor poJIttf.

e r mr iji h S#1 " er,r'r Poling all Weim Domain* aie forced to he oriented In a given

il ol [ ,/Elertrir Field in the desired direction heirm* Curie Temperature. Tlie domains
. **T ... » Applied elertrir field grow at the expnae of the other domain*. Even after field
1F||| «jniiiiiirt nt¥>*7 orr 1M direction, giving PZT a remnant elertrir pnlaitratii»

rEfamtfc* mAkinK m * * » # aniantmpir. In animitropir materialt the material property

£ TO‘kIH|r*>r tU*i jI* *2orpn*nt- TbI* foexactly a* in Ferm-magnetic Material*. .lu*t a* *e have
- Magnet me hare Pnlarizatinn-E Hvniermi* Loop in firm-electric Material* a*

n ¥? Vjy fnlkm* Polariration-E curve.
"LITrvdiiriTui.in KI*** inPr ~ OJKCHn)/T*]-dSC/a”Dipob Moment per unit Volume.
* ** Iwvr Mechanical Defamation vrmi* Applied Elertrir Field nirve. This

to**onr™ pUet4' *rf pU*ido’' K™

frw at Cnnsankm* <http://cmt.nritcontent o il 1«U/1U>
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Np*YN.Pblwn T bon< 1y

Figure 17.5

In 1111 § 45.1. the main electric parameters of standard PiescMd4ertric material* w ~w n .
Tbble 4.5.1. Dielectric Constant and Q-FWtor of Quarts, PZT 5A aval PZT 4A.

M aterials Quartz  PZT 5A(NAVY Il) PZT 4A(NAVY I1)

Dielectric Constant 44 1800 13

Q»Wtor 10%- \(f 80 MO 1
Thble 17.1

Section 4.5.1.Applications of Pieo-electric and Ferro-electric Materials.

Quart? we ««vd mi high Q, hi*i prsM n MechaniraJ Resonates* and find wide applications as gpnerating
stable electric nsrillstioe Inr Watdim, Clock Wavefarms in Cctnputei* and far generating Carrier Waws in
Radio Broadcast Siations.

Todale Quart7 Crystal Osrillafnts (Xtal Onrillatf») is tlie stab lent Frequency Generators. The Frequency
of Xtal Osrillator doew not drift with temperature , aging or with uuying load. The Resmancp frequencies
or Natural frequencies are well defined by the physiral dimensssw of the crystal and osrillatinn occurs at
natural frequencies. Quarts Xtal Osrfcators are very wnal. It crsisists of a thin piece of Cm Quarts Wafer
with two parallel surfaces metalbed to make required electrical connections. The phyrical dimensions of the
crystal sre critical in faitlrfuln pmduring a given frequency.

PZT are flpneralh towd as actuating systems in which the)’ operate tliey operate befaw natural reannance
frequpncirs and in whirh the ability to generate higti farces and high spatial displacements » more important
r-g. in high perfarmanre Tltra-smir Transdirer*. PZT can he shaped in any fashkn and it can be pnlarisrd
In any direriicr.

Available fnr faw at Connexion* <Htp://cixmiy/< Yob I 1Y1.M>
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I Modem Human* Slavery Nativr Copper wirH.Smelted Copper iwnd, Mining, Agriculture k*

VHIMTM

3NZE AGE

O 30M woo Modem Human* Feudaliwn Silver,Tin.Bronse. Mining Agricnkure, art*mi*

tOtolI800CE Modem Human* IRON AGE

OCE to 1040CE Modem Human* Capifaliam STEEL AGE
urtrial Revolution A Latrp Scale Production

t0-1960CE Modsn Human* Capitalkm POLYMER AGE
rtory production

60CE to prewmrut Modem Human* SILICON AGE
vnputerteation, Automation, Robotbarkvi k Miniaturization

10to prearnt Mndrm Human* NANO AGE
iniatiirization k System Integration

noting K agrirultuie for bidder

Wiiubl* for fn* at f«w»low http:.innny-nmm crfl1*14/1.14n
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*JTO Modem Human* Stowrv Nativr Copper IWPd.SruHted Cflppn iwpd, Minin*. Agriculture inr
grain*. nrtiftan*

BRON7F AGE

6,000. &J0O0 WOO  MocVm Human* Feudalism Sih*r,TIn,Bronzr. Mining, Agriculture. artisans

3,400 t0ieOQCE Modem Human* IRON AGE

1A00CE to IMOCE Morton Human* Capitalirvn STEEL AGE
IndiMtrla) Rmhitim k Larff* Seal* Production

1940-1960CE M odn H o w Capitalism POLYMER AGE
Fartory proportion

1960CE to prrwmt Modem Hwnan* SILICON AGE
Computerization, Automation, Robotization Ar Miniaturization

1960 to prvsent Modem Human* NANO AGE

Miniaturization K System Integration

Hunting k agriculture far fitdrto

AvaiUhk- for frw at Connexion* <bMp://cn*/11b'«1n»Bi/rn1M61A/1.M>
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«J1 Mwmkre Human* Slavery Nath* Copper Iwd.Smelted Copper umd, Mining, Agriculture fc«
« artinan*

mONZE AGE

M WOO WOO  Modem Human* Fbidaliwn Silver,Tin.Bronze. Mining Agriculture, artveu*

3.400 tol800CE Motiem Huytnang IRON AGE

1800CE to 1940CE Modern Humane Capitalism STEEL AGE
Indwtria) Bevnlutinn K Lar*e Scale Production

19H0-1900CE Modem Human* Capitalvm POLYMER AGE
Factory production

1960CE to prewnt Modem Human* SILICON AGE
Computerization, Automation, Robotbation K Miniaturization

1960 to prewnt Modem Humans NANO AGE
Miniaturization K Swtem Integration

AwilaH* for free at Tonne*!»* - http: rrnca»y mntewt rrfllUtS/1.14 «
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Anatomical*
Aisitralopethin kA6rennk
Homo-habllin(handy man)

Hom>ererti«Kerect Taif)

Hon*Htp6erulintelkgenrt man)

Modem humannEmrrgp in AFRICA

Migrate out of Afrira and replace all primitive homo-npeciffi

Modem Humans rearhAuntralia and get isolated as Australian Aborigine*.
Migration to Asia

Inland migration fifrtn Asiato Eumpe

Modem humann piwh toCentral Asia and arrived in the paxy nteppen of Himalaya
FVom S.E. Asia and China, migration to Japan A Siberia took place.

North Asians migrated to N.America via land bridge arrow Airtic fmm Siberia
Great dehigpModem Humans

Modem Humans

Modem Humans
Modem Humans
Modem Humans
Modem Humann
Modem Humans
Modem Humans

1bbb Iftl

hand ninen to grip the tool and stiffens at the base of thr thumb and in the mid-hand*

to tfabilbe the hand and dinripate tlie fntre. The» complex of trait* jpves dexterity in tool making and

tool liandling.

3. Wien Early Hcirnininw fot a Grip?; Men in* Briefc, American Aasnriation of Phvniral AmbropnkuukKa,
9*13 April, 2013, Knoervrffle Tenneae, Srienre, VoL 340, 26th April 2013, pp 426-427.

What m \noo-nuwnnk T

Nanoarience —Study of nanoacale matirlab, properties and phenomena.
Nuioralr Matrriab — Sppciflrally: < A material 100 nm along ont dimension (Out of

three dimention.

Nanotechnology — Application* of nunoecience to induetry and commerce.
"Wet" nanoterhnningy, wfcidi in the study of hinlogkal syntetnn that eii* primarily in a water environ-

ment

AvaiUhlpinr frw at Tammkkm <Httfr//camw /cnlln U/colt 161S/1.14>

Relati
Savage
Savage

Savage
Barhai
Barhai
Barbai
Barhai
Barbai
Barbai
Barba>
Barba;
Barba
Barba
Slaver

Feuda

Capit;
Capit



CHAPTER 18. CHAPTER 5_INTRODUCTIOX-SASOIIATERIALS.

*y" nanotechnointf’, whHi <Vtivh4 from surface science and piQrmcal chemistry, Snnwps cn fahriratinfi
rturps in carbon (for example. fiilUereom and nanotuhes), silicon, and otbpr inorjpuiir materials,
enputational nanoterhnninfp’, which permit* thp modeling and «nublkw of complex nanumeter-fralp
ures.

|I. Example* of Nanoaeience.

ip bhip color of rhc butterfly slssro in Fiflire 3.2 in dup to Nature™ remarkahlp nanrtariinnlogy —
ligo color Ik knw T as “structural cokn" (Le. no pigment) that <riginat«* from the nanostructure in
rad wing. Tbe structure interferes with certain wavelengths of lig}it to produce an hmuttful . The
sx<ipof the wing , on tlie other Irnnd is hroprn. Why?

PLwW* 18.2

igure 5.2. Butterfly Morpho peieidae limpkia ia an example of nanoecience.

4aiUN*> fir W at COIITpX'(]'\E ® bttpe//rnxuwlj,‘rt>nNeit fnll



145

The tourc* of the 'structural color it the .nanostructure of the Morpho r tff not
Interference fringes, similar to that encountered in a soap bubble, are produce<
when exposed to certain wavelengths of light (I.e. bJues in birds and butterflies

Figure 1d.4

Figire KJ. Nanoetructure In Butterfly’mwings produce* the interference fringe*.

Auvailable for frw at Cneiweimw <VMpt//aanw w/€AsLU k/€NY WL b/TM>
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Three setae of
morpho wing inter-
acting with light are
shown.

Such layered
structures are
found in many
insects that display
iridescence

The Urania moth,
for example, has a
multi-layer with a
series of parallel
plates of specified
thickness and

Fiftur* 18.4

B4 .The layered structure in Butterfly™ Wing», through alternate constructive and
B interference, gives riae to coloured fringes.

morning . <W dnfw niH up to farm pcaH hearts OBthr lotus leaf in & pnnri. This is an examplr*i
. Thf mkronanostnirtiire of the ion» Wafexhibits siiper4*tirop»»ohirity. Stiperh>tirophobiritv
«ion of l.otun Leaf toward* Water Dew Drops. Henre fW drops early in tlie morning curl up sa

/HalaM* far fr» at Cnmmtktm <Htpt//anuanu<rm**i/Ctiimi/l.14->



Figure

Th* **ter »**** formation

cWaning in Morpho Aeg».

Figure 18.8

bl W

The micro-nano
structure of the lotus
leaf exhibits

superhydrophobicity

When contact with a
solid substrate »s
minimized .n this *ay.
.vater tenda to behave
as ifit were on a non-
polar surface and
beads Lip

&X' TrpWe °f 1

,Mw)aNe for fit* e» (b M kK u <hM|k//cnlU r<wuc*«/«>1,,6,5/1 14
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CHAPTER IS. CHAPTER &_ISTRODVCrK)*SASO\IATERIALS.

igure 5.6. The attraction to water b higher than the static friction force between the
particle( marked in red) and the pointy surface, the dirty particle will be ahanrbed by
Iroplet.
orpﬁo Aega, a apene* of Butterfly. Heh tlie Ability to seK clean it* wings baaed on wuxnireience. In
e 5.6, water-droplets an*shown in blue. These water drop* rnlkiff the wing in a “radial out" dirertkn
the mural axis of the butterfly body due to directknalA<ihe*ion of the «iper-hydn”~hobic wing. The
inn of tolling ii tuned by controlling the alr-flow hy the posture of the win#». The wAter droplrts adnrrb
irt particle* hy eWctnnrtatic AttrACtion And the*p droplet* carry k*Hy tlie dirt a* the droplet* roll off.
1 Claasiftcation of Nano-material*.

Available for fn* at CeTw/laT <bh*//crnuaweanaT/aH 1618/1.14>
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18.7

NjuMmmtfTMbi wy “»«»* m Bulk MaferwK Tin* rryKallr» nurteri**
have snroe «aM y11n110/u (Oer CWK FCC, Bce, Hrxw™nn! Unit Oil, t*nd*rfr*1 *r>rtim») whrb
an» rppf*t«ri In sl 3-Dimrt*eorw.

ASin*k Crrsal of Wmtlvin 1(17 * toJIB neBH1JBb-> h ta s "inrfe A-rwun

cryna! wHh thr ian**** of the 4ngk> (imiwun km th* inOrun. In F W 5.7 the wwworrtak» am* **"m

YanaMe for fwr at Coum A w , * tpt//aanw w/aT T /1/collHRft/1.t4>
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Cnitam if

Flgur* 18.8

r5.7. A «ingW”crvstal of |0Onm sikr or leemiaa fringl? domain rryntal. It ia QuaakTy*t»l
mmid form. It in Crystalline If In cubic form. It b roper *tructur* If ah*!* dam*'1L
are arranged in a regular periodic form.

eormatlon of Stahl* Nano-atrurture.

ile mmHwrtruHurr in the minimum mnxy ronfijpirafion M a minimum T n& onrtf*d™u*' s
in thr foUoHng manner:

nmneM» finr frw at Omvloiw  http:/cnanw, mnt«nt rrflIM&I1.U >
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Real nanocrystal metals are no perfectly spherical although
we stated earlier that the sphere is the most stable structure
(one that minimizes surface area and hence, surface

energy).

Take one tennis ball and surround it with as many tennis
balls as possible First conduct the two-dimensional
experiment:

Figure 180

Figure 5.4. Om* atom surrounded by B atoms gives minimum energy configuration hence
stable configuration. So a monolayer is stable when we have 7 atoms.

In birfk-mAterials, minimum energy configuration is spherical. A spliere is a minimum energy configura-
tion from hydro-static equilibrium condition. But this is not tme for nano-materials.

In nano materials first stahle configuration has 13 atoms as shown in Figure 3.9.

Through inspection it can he shown that stable configuration is arfnevrd by having:

M*(K) atoms - (1/3)(10K* 15K* i UK 13) for K* configuration where K - 143.

For 1, first stable nano-crystal has 13 atoms.

For K - 2, second stahle nar*>crywtal lias ooatoms.

For K- 3, third stahle naivxrystal has 147 atoms.

For K - 4, fourth stable nano-crystal has 309 atoms.

For K - 3, fifth stahle nanocrystal has 361 atoms.

These configurations are shown in Figure 5.1ft

Available for fr» at For»nr*Inn* <fet|«//crnu)»y*onM«”"/rol1161ft/1.14>
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central ball is not surrounded completely We need to
3 balls on the top and three on the bottom

We have our first
MAGIC NUMBER!
Equal to 13

The cluster to the left
has:

1+6 +3+3=13 balls

It is the first ‘Ciosed-
sheir cluster and is me
most stable because at
least one atom has a
full complement of

°r* ackbng ONE MONOLAYER of atoms nearest neighbors

previous core, we WJ get o series of

Ffcure 18.10

.9.A Jvn w»nocrystal » rtable «when there are 8 atom™* surrounding the cm atom
i froT>, tht top and 3-atome from the txrttom. Meaning hy when w« h*va 13 ttalfc
m ftr%t stable 3-D nanocryatal elrurture though tt U not a npherkal structure.

Jteallabl* tor frae at Conraxkma <blbp://cTus*/<rTLU4/cchLULI{%.n>
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Figur* 18.11

Figure 5.10. Stable rmno-conflgurntion corresponding to K —1,340*4 and 5 are shown.

In Figure 5.11. it Inshown that the nnrfare atoms «iorninate the crystal stnicturc an wp move frnm Hidk
configuration to nano-partkie rt«figuration. Reran»* of thin dominance by surface athmn in nano-crystal
onnfiRuiati«»n. material properties of nano-particle incompletely different frnm thnne of the bulk crystal.

Surfare to volume ratio;-A 3 nm iron particle luw u0% atnmn on the airfare

-A 10 nm particle 20% on the wirfare

-A 30 nm particle only 0% on the airfare

Available Irw frw @ Tosnr*lon* http:/ mx-op* cont>mt roll M*1B/1.14>
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Kull-%hcil Cluster* Total Number Surface Atom*
of Atom* (%)

1 Shell 13 92

2 Shell* 55 76

3 Shells 147 63

4 Shells 309 52

5 ShelU 561 45

7 Shells 1415 35

Figure 18.12

Il. Nano-particle structur* for K th Stable. Minimum Energy, Configuration for
4,5and 7.

4*iUN* tor fn* at CVmnr»l«* rrraw crmtm* rrfl 1«15 1.14 .



Figure 18.13

Figure 5.12. Calculated Siirbc» Atom* to Bulk Atom* Ratio for Solid \1#»tal Paricle* v*
thr Siw of Particle (tun). (Curtaey: Kenneth J.Klabuncle, Jane Stark, Olga Koper, etjiL
“Nanocryatal aa Stoichiometric Regent* with Unique Surfece Chemistry*»Journal of Phymcal
Chemintry, VoLIOO, pp. 12142-121ft3,( Iftftfi))

A* the particle "be changm frran Bulk - Sbp to Nano- SlI», the ca-erall «tmcture change* and Valence
Hectnns hecrane de-loralized. What doe* thi* de-localixatkm mean?

Wp }*ve wen in Band-Thenry of Solid* that when atom* are far apart the orbital electron* donot interact
*nd the EnerjQ' Different** hrtiw n two onruvrutive state* I* at the maximum. But wlien they are hnnight
rto*p together they mart interacting and hand gap between crewoitivp band reduce*. What thi* mean* that
a**>W7c particle will havp a larger hand-|ptp and a*naom¥ B inrrearv* to bulk-aiar, hand-gap asymptotically
~proacf** the hulk hand-gap. Thi* lead* to different phydcal and chemical propertie* mntimnnnly graded
** rere inrreaar* fmm nano to huBcwe.

The floBmring properties are affected by nano to bulk-*be transition:

Optical pmpertie*, Bandgap .Melting point Specific heat. Surface reactivity, Magnetic property

and Electrical conduction.

VsafUht* inr fra* at Connexion* <httpt//C*way, / 00*—</aK»JT/bM>
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Available Inr free at Connexion* <http: /Txnrx. content rclt 1¥*15/1.14 >

Chapter 19

Section 5.4. Nano-Size Effect on various
opto-electronic-magnetic properties of
nano materials.’

Section R.4. Nano-Size Effect on various opto-electronlcMnannetic properties of nano materials.

A nano-particle or a Quantum Dot Semi-onndiictor *Sf in a chwrer of large number of atoms arranged
in tlie minimum cnet©* configurallflrb If the time are N atom™ there are about N electrons nr a few times
mt*e in thin duster. Xlost of these electrcns are tightly htamd to their host atrtns. Blit there are fipw
earner- electrorm and Imlen which behave like partkien in an infinite potential »<ell. Tin* scenario indepicted
in Figure 5.12a. T)iene beliave jiwt an electrons behave in Mated Hydroffm Atonw. Hence Quantum Dnts
are Artificial Atoms.

*Thin <nnt*nt in available online at <>/p://Txny/TTeT</nNB719;11/>.

Available kw ht* at Fnnnnbsa <bHp6//cnxnx content/a>11M15/1.M>
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CHNATEB Jft SECTtOS 5.4. NANOSIZE EFFECT ON VARIOUS
OPTO-ELECTROSK-UAGSETK PROPERTIES OF NANO MATERIALS.

igurf 5.12». A particle la aa Infinite Quantum W til of Oa« Dimension

Figure 19.1

he SriirodinjpT equation of a partfcfc In an Infinite potentin] wpH «:

Hp - Ed wWAr/* b the HumUIlunlun Opvrulvt

FVure 19.3

i Quantum Mechanics we have canonical variables: x and p ct t and E.
inear Momentum *p’ * equivalent tn an operator:

NmMNaMe If» W at CanteHoun <http:/ rnx-ot* ront«Mroll HIM/1-14 .



T1*1Wnrr Srtirndinger Equation Inr a partirk* in an infinite* potential well irc

(p2 \ h* B52A%

Figure 104

Hamiltonian Operator operate* on Matter Wave i>to yield the eiflpn value of ener” E. (3.4.1) simplifies
to Second Order Ordinary Linear Differential Equation with twn arMtrary constant* drtermined by the two
boundary ronrfitkm namely:

*0- *0)-o0

Figure 19.6

The simplified Srlimdingpr Equation in:

£ ! + * 3 i 542

The Solution w Complementary Function:

A aM k fnr frw at Connexion* http://cnx.oPK <tmteni coll 161.1/1.14.»
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CHAPTER IA SECTION 5.4. NASO-SIZE EFFECT ON' VARIOUS

o OPTCMELECTROSIC-MAGSETIC PROPERTIES OF VAVO UATERLMS.
#(x) - BErp[-iax) + Cbxp[+1na] where a -V) &43
Figure 10.7

With tlie given two boundary cmditioti (5.4/1) wmplifie* toe
*<0 - DStn[*x] 5.4.4
19.8
To *at«fv the gtvm boundary addition:
2m. (8- 10 nJ*Vv

aL=na orlL "

— — =n* 545

mar“r)e3”nir

Figure 10.0

IfVV - 0 tlien the discrete energy state* ocrupied hy a carrier in an infinite 1-D Potential Well ans:

5.4.6

Figure 10.10

The energy srparatkwi between two adjacent energy state* i*:

Available Sir fraw>*t Connexion* ‘http:cnx-org content roil Irtl.VI1.14-

101
S.4.7

Figure 10.11

TI** actual w r KO states in a irmiconductor are:

5.4.8

Figure 10.12

b EqiuBkm J.4A. L inthp Rurtlti* of thr Qiwnt.im Do*. By «LHsiin* th. &* <e* R) rf bb < 1a71,T%
Dot, it i* contittn<Ni*lv tunable throu*h all the *pven colour* of a Rainbow. .

The deloralhation of efcftmw and *tnrtural changes in nano materials cm *** fnerk>  UinRe
in ivini-ttYKliinar nano material* na xaH a* change* in the following property/

LOptical prtiperriee,

ii.Melting Point.

ffiSpwific heat,

hrAirfare reactivity,

v. Magnetic Properties,

vi.EWstrical conduction. o .. Triaru

Table 5.2. gives the Specific Heat ci Palladium, Copper and Rubidium inh/

Thble 5.2. Specific Heat of Pd,Cu and Ru m bulk and in nano-si*"'

0,
Elements Rulc(J/(Mol.K)) Nano(d (mol.K))~f Nano-n*" o»ncrease
Pd 25 37 , 6nm 48
Cu 24 26 1 8nm 81
Ru 23 28 Grun 22
‘fth1* 10.1

A* the busiHiise mown to nanrxtb», the Melting Point reduce* a* given )  tm:

AvaiUhk* for free at Connexion* Jemusiwy/caBLLUIA. /cbl1i€|f



CHAPTER Ift SECTION 5.4. NANOSIZE EFFECT ON VARIOUS

@ OPTG-ELECTRONIC-MAGNF.TIC PROPERTIES OF NANO MATERIALS

no9 - Dlr where A9

- deviation in M.P.from the bulk value and it can be as lar*e as XOQFC

Figure 19.1S

/or particle size r*lOrxm and I's = RuiJk H.P.and a - surface tension coefficient for

Plpirf 19.14

liquid - solid Interface and p - particle density’and r - particle radius and |
- latent heato f fusion.

Figure 19.15

In Figure 5.13 It I*Aawn that M.P. of goW partick* derrfvwffi dramatically ra the partirk» atopf tt bxd<m

NmMiia far frw at CannexWjm <1*tp~/cra”vg/fmaN/atflieiS/1.14>



Meling Point (C)

Partide Radius [nm]

Figure 19.16

Figiirf 5.13.M.P. of Gold Ptftida vs Partirk* Si*f.

Available fnr free at <«mrxiowi JurerLycaBXsifloc&11615/1.14>
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CHAPTER la SECTION 54. SANOSBB EFFECT OH VABIOVS
OPTO-ELECnmMC-HAGSETIC PROPERTIES OF NASO MATERIALS

Igttbned to excite Q uatii Dots of redoclag size. Progrm hth sborter
art emitted at the dot size decreases. The reatoa Is explalaed la the

i*.i7

.14. Quantum Dote of inu kr size emit shorter wavelengths.

iwp of milfcon atom and equivalent valence electron*. But QD does haw 5 few five electrons.
w behave like particle in an Infinite Potential Well. Tlie Srhrrxiinger Equation lias been solved
list arfutlon tells us elertmn omiples discrete energy states givpn hy tlie following equation:

13h3
A Wh,r' w = 2r(radtus of the dot) 1

Figure 10.18

k2

nnon l'txpltettty tvils rter Energy Cap= -—
P y rter gy ~ap Rffiir

Figure 10.10

ta clear tliat wnaller the dot sjtt largw. larp* will be the merjcv packet absorbed during
irger will he the energy parlrt radiated when Dot *tt*rs tn Jpmaid state. Tills is the resmun

HsJUble lor free at Connexion* * http:/ wknry content «411*14 1.14>
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wh> in Fgour 5.14 « .b>*tf *» ~ » s Hrrn in emit dmtnr wnwlengtl» TbI* mbrinn rm «*
LASER type mhm-nt nnM n nr LED tyeve tnonhcwm rnnmnn. Bnrfh> Wavelength
Crtifintn* , carrier in -tie** rtw *prfW ditnen-nr s» I* «r* rfthr « *r rf* BroRIr

Wits to Qiiartimi Si» F.ffrrt. X L= . 4n wp «e! hiuxfe of permiwihlp
In Bulk - 3 defpwi of ftwdorw with 0 dfIRWif Qtwrtum Confinement. » w (" Mu"»1

WHI - 2depm. </ fteednm w«h 1
In Q,«nt.™ Win- - 17 of M » «nd 2 de*re« Quuiim

in Qiiwittun DN« =11 dtnnv Of invaiim with 3 depw* of Qi *uP>~"_ ,,_ [imaui ffonreelertmn
Hent* In 1 Quantum Dm, Hmwn hetuivm sk «* elertim Inin n < o' gj-) 1G rtn*mnda
M«,w M It In*Hydros Atom nnd oamem blne ctanete « « p. state* TW «* QD «.
to FHan UrtffiriAl Afntn. . A tin»- nmnll djpw»nnksw«'

({D are« VIrH HHy «mall armkwndnrtor *tnirtiinwirangin?' “un " hHhw* w*n appl*/****
nJL*bSm tMNm** in*QD,np~tcn.oH t,n*hIlUty «nH mahim*new b A .» ™ app.

in Sritnrr k Te#cHnn1nky.
The Band-gap of nano-afnictiiv:

Figure 10.30

QD LED, ran pmdtirr any ootair Including th*rf

S K S lESit )'I( b-b." b*. M

will biITnn* aftwdahle.
Section 5.4.1. Electric*] Conduction.
In bulk metal, ninert flow i* arrordin* to Ohm H Law:

density of conducting electron and dmu- electron mobility

~——-———-whore *w
Fermi Velocity and is calculated from the following relationship:

Figure 19.21

AmMM* CrfrwatCommnrkm <HH*//anbou”enals*1/«n11MIA/I-U>



CHAPTER 19. SECTIOS 5.4. NASOSIZE EFFECT ON*VARIOUS
OPTG-ELECTROVIC-\(AGSETIC PROPERTIES OF NANO MATERIALS.

1,3
rTe*;-b(b, E)

Figure 10.22
Figure 103N

itrrud, bund theory rk#* not Ivoid good s:0 Ohm'n Laws Inno longrr applicahk* and specif
itions haw* to be ftrmidated lor Arnmintmg for the tunnel ninert* frnm nano-partirie to
5. FJoctric and Magnetic Properties of matter,

mpctuahle inr two diéqtinct propefties: C(f) =KX for 3D Quantum Well
> It gh** all electrical properties of mater.

Iy. Paraekrtric, ferroelectric. antifrrmelectric. diaelectrk etc. .

It g*vrs magnetic properties. Figure 10.20

tk\ Ferromagnetic, Antiferromagnetic,
tism, SnperfPT Tnfnagnetbvn.

eging Energy of nano-particle.

f ofa Splvre ik

Diamagnetic, miperparamagnetic, Ferrimagnetk-.

. ) .
Ur#c*r(a) where a - radius of the sphere. 4 SV XA (A W,<(") for ID Quantum Wtr'
Figure 10.23
Figure 10.27
liarging energy U for nanoparticle of radii» a kc
PktoriaDy it blshown in Figure 5.16

Q* Q2
JZ m | ———quitt@R4#" for 3nm diameter nanoparticie with *_» 2

Figure 10.24

mes larger than tliermal energy * Roctn Temperatiirr of 300K wliidi in 23cnfv.
*V wk lo the charging ener©* of a nano-partirle of radii* 14/1nT.

xte there is considerahie dwuging energy Inr nano particle,

alty of States.

own tliat Density of permMMe Energy Staten * an inflow*

.Mailable for free at Corn « ion* http:j, <nx.0*k, content/co111615/«.14 >



CHAPTER Ift SECTIOS 5.4 NANOSBE EFFECT ON VARIOI 4
OPTO-ELECTNnOSIC-SUGSETIC PROPERTIES OF NANO MATERIALS

3.16. Deastfv of States vs Eaergv for 3D Balk. 2D Quantum Well aad
intern Wire.

Figure 19.28

Available itW frw «1 (Tmnrtrimw cfcttpe/ TXKrTA. roll N111/4.14>



Chapter 20

EVEN SEMESTER2014-MidSemester
Examination Answers

Even Semester Mid-Semester TVat
Electronic U Electrical Mater»al*_ECI419A
Total Mark*:30 Durationrlhr*
Qunttksi 1 lit mmpnkmry and answer any two out of the remaining three.
Questfcon 1.]15 points)

i. LWlat art the MKS laHa of maw, velocity (v), arceieratkm (), (onmT, mo-
mentum (p), energy ? Answer: Kg, m/e, m/s2, Newton, Kg-m-s-1,
jottiw ..|i/ia~-i/ian-ilii-t-i/ia-fi/ia-fi/w =i aPoint]

L MN.E - EuexpLiM - kr)|_ Thta Inan equation ofa formed travelling wave. Define *>t, k and r. What w
the velocity of pmpagatk*i ? Answer: - —adians/», t*-secondJt~ 1/m, | = direction of prop-
agation. Velocity of propagation—./It (m/s)41/10+1/10+1/10-H/IO+1/10=-1 2Point)

L Wn' - %>exp{Kwt-kz)|_Thl* In also a travelling wave. What w Onand what to |[HvI? Answer: *0
is Probability Amplitude, i'4v|li Probability Density.|l/4-M/4="1/2Point)

LIV. J - L - nh/(2*)] Th» is Bohr'tt law of electrons orbiting the mrleua.
Define all the terms. Answerc) angular momentum, | moment of inertia,
+ «orbital angular velocity, n «principal quantum ntiml»er. h—* Planck’s Con-
stant.|1, 1C/-1/KWN-1/104*1/10-*-1/10=1/2Point|

L V. Define tlie fcnir Quantmn Nisnbersn , L, m, 2?2 Answer: n —Principal Quantum Number,
L—Achnuthial Quantum Number, m—magnetic Quantum Number, s—Spin Quantum
Numberdl/e-*-1/a+l/e+1/*r-1 2Point|

L VI. What is COORDINATION NUMBER N. Si, Ge have DIAMOND Cryntal Stmcture and GaAs
ia ZINC-BLENDE Ciystal Stnstore. In both cryatal stmrtnres N - 8. Justify this statement ?
Answer: N—number of atoms belonging to each Unit Cell of the crystal structure. In
Diamond structure there are (8corner atoms)»(1/8)+(6 bee centered atoms) v (1/2)—4
body centered atoms)—8 atoms per unit ceJLj1/e-*-3/8—1 2Pomt|

L xagbx cMfcc &
Available fnr free at Connerions <blkpsi//anu*%/cnr/Bvi/coll M15/1.14>
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CHAPTER X1 EVES SE\(ESTER2014-\(IDSE\(ESTER EXA\NYNT1<)\
answers

umber denaky - X* - [O/a*. What oV ? Ai*w i *i’ ia the Lattice Paran*.
2Point)

X Si,0 and GaAsV - 3.43A%bIM6A and 0.8[133AT iwpwtively. What bIA*? Anawrr:
Angstrom —10-10m = 10-8cm .[I/2 Point]

eight ofong----------- - (AW gznnmie)™ (Na*o atom*, mole). Fill &b the BLAXK . Answer:
1|1 2 Point]

bl one atotox N* - /». Define the term* ? Answer: N* «number density, » «weight
f.J1/4+1/4=1/2Polnt]

fTYDROGEN ATOM, elertron ocnipies discrete energy a*atea given hy E - -13/1/M*. What »
tofennrgy and what i**n’ ? Answer: Unit ofenergy iaeV and n Principal Quantum
Br«|1/44-1/4"1 2Pointl

Hydros Atoms produce Lyman Serie"2—If3-*M -*1t5-»1,6—Ui Balnx-r

—2,4-2,3 2"5—2,7—2] and Paarhen Series |4—3£—-30—3,7 -~8 —3) of Spertral
What do tlie square bracket term* mean? Answer : Square Bracket terms imply
ion from Excited Statea to Ground Statea.|1 2Point|

CC ha* 744 parameter and BCC C89f parameter. What is thi* parameter and wliat
ll form of FCC and BCC? Anawer: FCC la Fkc”-Centered-Cube and It* pack-
malty la 74% and BCC la Body-Centered-Cube and ita packing dsnaity ia
/6+1/0+1/8=-1 2Point)

u Type Orientation

45* N <111>

90* P <100>

iao* N <100>

0* P <111>
Tbble 20.1

hat doea the above Table refer to ? De*rrihe the meaning of the term* entered in the braces
ran The angle between the Primary Flat of the SI Wafer and the Seoondary Flat
Si Wafrr I*a1\ Type tell* if Si-Wafer ia N-Type or P-Type. Orientation gives the
Bplane Orientation in Miller Indicea.]1/6—1/B-4-1/6r~1 2Point]

Figure 20.1

\WmiUhW- INKFiw at Connrkkms - httpc//rnx~**, rnntwn/f#il iei.S/,1.14>



in

XV.WhM do the different tern* refer to in the above Integral Equation?Answer: N (E)-denaity of
gUtc* per unit volume per unit energy. P(E) Fermi-Dirar Statistics or the probability of
occupancy at energy E by Fcrmiona. dE — elemental energy, m*—effective mane of electron
In the conduction tMnd.XO -Fermi Level in Metal with respect to the bottom edge of the
Conduction Band U .XO -EF- BG41/10+1/10+1/10+ 1/10+1/10=1/2 Points)

xvl

Figure 302

In the adjacent e<piatkmand in Question XV, Xn nthe «wme parameter. W hat istlii* parameter.Answer:
XO-EF- ECjIl/2 Point|
Xxn.

Figure 301

What sre the different param eter and what are their unit* ?Answer: Eg is Band>Gap in «V and Ais
the wavelength ofthe photon em itted accompanying tlie radiative tram ition from Conduction
Band to th# Valence Rand.|l/4+1/4=1/2]

XW II. Define the parameter» and jtfve the units ?

SemicombNo n, rDC) 7 NI(B00K) NC Ny

Si 112 1x10” 117 Sxlo~/cr 12x10* 3Jx10,e/« 11xL,B/n

Ge 067 2x10™* 162 44x10»/«]) 48 Ix1O,efcc  6x 10#/cr

GaAs 1424 21%1<1 129 442 <108* r&3xI0" 41x10 7/« 7xI0.Vee
TwWble 30.2

Answers: E,(eV) , n*(#/cc), r(DC irel.permittivity(Dimensionle«s). ~density of atoms in
the crystal , 4tOOOK)Intrinsic Reactivity in MNM-cm, Nc,Effective Density of States at EC,NV
Effective Density of States at EV |I/14+-1/14+-1/14+1/14+1/14+1/14+1/14=1/7]

XIX.

*J [ - LLLLB* » -t

Figure 30/

Avaiuhl* for Nre mMcotmxkm <http/icmuenL«mtent. coll 1615/1.14>



CHAPTER am EVES SF.\(FSTER2ni4-\(IDSF\(ESTER EXA\OSATIO\
ANSWTRs

1pi»> nnd PJVr the units, v ICFem/b  WhAt o this velocity. Answers: vdrift

rift velocity(m/a), p<mnhllhv) (cm2/(V-e)), g-electrlc rimrgeiCouloml*),
«in  FW Path or Relaxation Time)(sec),m*e—effective Tam of efco-
i,1/28,1/28,1/28,1/28,1/28,1/28, 1/28,1/28,1/26,1/28,1/28,1/28,1/2a,= 1/2)

1 t J |
MTbr~ Y *

Figure 20.5

called MAtthi«wen,n Rule. Define tlie parameter and give tlie units of the paranb
efTective, « effective mobility, /dmp, «mobility due to impurity scattering,
lillty due to lattice scattering, cm2/(V-s), |I/8-fl/8-f-1/84-1/8=1/2)

Ulrtu. “ 1"»* onrf

Figure 20.6

mt power > Answers: lattice scattering inverse 3/2 power law , Impurity scat-

ter law [1/44-1/4=1/2 points)
~n Define the terms and give the units. Answers; n —eonducttvity(Sismens cm),

chargs(Coulomb),p mobilityem2 (V-s).n sconducting electron numlier den-
84-1/164-1/164-1/1641/164 1/16+1/16=1/2 Points)
special information t given by this Tahle.

Metal Au Cu _Ni Pt
i
Effective MassFVee Manaofelectmn 11 U)1 128 | 13 |

Tbble 20.3

Il and Pt are heavy Fermionk* Metals (1/4+1/4—1/2|
tothe 1jrsic difference abm* electron transport reflected hy the Table below ?

Available for fr«* at Contentions <http://m x.oni/rmrt** /cel11f515/1.14>
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Element Er T(femtoeec) L(Angstrom) WF v.~AxI0* m/m)
Li 4.7 t 90 99G

Na 31 ti 250 2)  aoe

K 21 293 22 &55

Cti n |¥I7 328 1215

A* &3 41 4416 ia77

Gr Ev-Eo/2 2217 2106 116

S Bv-En/2 7876 729 116

GaAs Ev Eo/2 4890 m il 116

Ifchfe 204

1 Thin velocity can be thermal velocity or Paiib Velocity.

Anwrrm Conducting riretron la strongly scattering In m etallic crystalline lattice but very
wekly scattering in Semiconductor aa exhibited by abort Mean Free Path in metals and by
long Mean Jlee Paths in Semi-conductors.|1 /4+1/4=1/2)

XX\’. In the Tahle givpn in Q jestkm XTY w liidi is Paiili Vriodty And which is MnTttn! Velnrity?

Answers: Conducting Electron velocities in Metals are Pauli velocities because they arise
out of Pauli-Exclusion Principle whereaa conducting electron velocities in Semiconductor are
thermal velocltleaj1/4-bl/4=1/1]

XXVI. In Qittatim XV U], intrinsic Ge has the least mdstMty and Intrinsic GaAs has the maximum ,
Why?Answers; Ge has the least Band*Gap and GaAs has the widest Ban<I-Gap.|l/44-1/4-1/2]

xXXvn.

14D -

Figure 20.7

This is wimt statistics and doe* it tell. At T- 0 Kelvin what kind of distribution ia if?’Answers: This is
Ftertm -Dirac Statistics, P (E) gives the probability ofoccupancy ofE by FWmions, and Abaolute
2m the distribution is RECTANGULAR.|I/6+ I/e+ I/«=1/2 Points]

XXvm

Ne ) - 4n(~)*'(£-Cc)T"

P%BM 20.4

What is this expression ? Define a | tlie terms.Answers! N (E) -Denaity of .States per unit energy.
) —kinetic energy of conducting electron in conduction band.| 1/4+1/4—1/2]

Available fnr free at Connewion* = http:/ /tNXNHW, content/roll 1615/1.14>



CHAPTER 2n £ve\ SEAtFSTEUX)A-\ODSEKEESTER EXAMINATION'
ANSWERS

f Ukra-VIoM Unit bl A ~b2»T is tnrident on a metal then whk* of thr metals hated in the
r-Will record and «nit elertnw* ? Answers;UV photon Inn 6.2rV hence It is powerful

cause pboto-emweon in all the M rtak listed In the Ibble below.Al th* metah have
letlon Im than 6.2eV.|I/2 I*eilnt|

Metal yaork-fimction Metal WoHc-ftinction
N# 2 cs 3AV
K 2AV Ba 2%y
Cs LfleV Pt 5AV
w 4AV Ta 4AV
Tbble 20.5

ite = » YYEXpr-~ j What ¢ this ixpressiom 2 Dtftn* e r*rms

Figure 20.0

a-s. This expr«»ion tells »ow EXCESS CARRIERS decay with reapect to time in
Huctora with excesns carrier lifb-time or excess carrier relaxation time defined as rn.

tariers exponentially decay with time. If relaxation time is long then exree carrion*
takes f lon* time to decay.l1/3

r» 2.Desrrihe thr step far prep ay f> rtn*iic Grade Pblyur>*al Silicon from mnd.
Uritf]

2.

*tion of AarM! with carbon gives impure polyrrystalUne Silicon

Hon of patverised raw silicon wKb H C | gaseous vapour to form IViChloroSOane
p»le distiliatinn of TYiChloroflu*» 0~ Jk{n purified electronic grade TViChloroSilfti*

mal decomposition of SIHC”™ * igoq dogree centigrade in Samian's reactor to obtain
rods ofelectronic grade

Inn 5. Balmer S'TjaSpectnii Line* fttecn Stan are determined to he at
AC2A A541A A102A1 and 07TA*. Determine thesp spectral linen thenrrtrally.

«¢*Red-Sliift oftieae Balm er Spertr*! velocity blthr irceding Galaxy is detverminrd Tlie
velocity tlie d«tancrofth, Qakey nsing Hubble’a i*Utk»*hip||7.5 Tarks|

w : Ni(mr)-1.24/E g (eV) *r* p,g _ (is.eeV/4-IS.i/n- 2)eV. Since the answer is to
med In Angstrom therefore ths JTbH expression is:

erfore AAn*atrom)=( (b1</(AM/4-131/Tn 2 ))x 10 ' 4 )Angstrom.

I=a to n-a, >-(Ne64.71A

1=6 to n=3, A-4862.75A =;

1=6 to n"a, >=4541.74A *|

»=-7 to n=a, A=4102.04A

>=-6 to N-a, >3971.24A |

175
N«to O - n NMtl»t«d «™ e E_N+Wwilbrom 4||BllerH (rtroel ((lkpE)_w j7 J
Anow

™ M S X rfC i™ 'VAT4ew M bybl at***, bl/(14% - /1 » b

*bU| P(EF OJrt’)y- ULANMMK OT i* . D-rfbrsr Dr* Tminr Trmpr” " ' T M
You ran rfvr eitlier oftin* MLBT and n’:k
mark».
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Chapter 21

Chapter 5. Section 5.6. Metamaterials.'

Chapter 5. Section 5.6. Metam aterial*.

Meta material science ina imiH ktiaripline enterprise which includes applied phy>4rs. engineering, material
mriencr and nano technology. It aim* at designing m aterial with phyairal propert** tieynrxi those available
in nature. In metamateriab we wam o beyond the natural materiab and fahrirate metamaterials with
undreamt of properties e.g. invisible rinak.

Metamaterial Science challenges and omromes the currently held limitation* «ffrred hy the clamcal
physics. Careful engineering and mixing of meta-atoms Iwe led to completely unconventional standards and
yardstick* of elassifring tlie m aterial.

Metamateriab derive their pmpertim from the structure railier than their constituent ccropfO fits hence
they are called wiper lattices.

For example Pliotonic C iyatalf derive tlieir anomalous pniperties from higlier order spatial modes wherea*
TW a m aterial work with dominant propagation mode and with nub-wavelength sparing between neighboring
elements. Marmarapk* desired and tailor made properties ran he obtained by applying srvrral mixing rates
and homngenfcation principles.

Section 5.6.1. Diffraction Limit of Abbe and Its conquest by Xu et.al. Metam aterial
Supericns |

|1. Xu, T.; AgarwalA.; Aharfun, M; Chan, KJ.; Lem-, H J. “All-ang|e negative refraction and artive
fiat leasing of Ultra-Violet Light”, Nature, 497, #7400, pp. 47IM74 (2013)1

Erest Ahhe<1840-1900) a top Physicist and tlie CEO of Carl Zeian Lns Company, had set the rpsolutkvi
ofa mkmarope as follows:

2Av(mmimutn feature Sixs) « nSma WAer# X« wavelength of the tmege light,n

=refractive Index o f the space tnwhich the Imag* Isformed, k = resolution factor.a
=acceptance angle of the lens system 56.1.

Figure 31.1

Amrding to this Formula, the wavelength bltlie light and Numerical Aperture  nSin*» set tlie resolution
lim it.
*Thl* content is available online at ? Wnpg/.Cw»«org.-content,mWHA/11/>»

AmmSaUu nn Uama i vto~/cuuxifaatatt/fiQ illtlvVINH ;"
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CHAPTER 21. CHAPTER 5. SECTION 5C. METAMATERIALS.

“miTP ator* (tm be resolved if wavelength i* rfjirtrr and n<refractivr indnc) is higher,

tgeneration ofICs with 40nm node an* wing Deep Uhra Violet Light with wavplength 193nm arxI
=immersion nyncm to achieve the node ssp of 40nm.

Generation 1C Lithography is going to imp Extreme UV of A- I00Onm with tuN nflon technique
3]J. B. Pendry made a proposal of synthesiring Negative Refraction Index Meta m aterial whirh
wed a* wiper lens Snr perfect tending to any feature «/e.fNegativp Refractive Makes a Perfect
«kyJ Revif*" Letter . M, #M, 30" October 2000].

aiggmted that electron cloud in a dielectric behave* like a ptama and it lia* the frilovinn dieknnc

1finmmlation:
.- -r* hereui™ =electronic plasma resonance 53bJ..

Figure 21.2

iw < u#pthe we have r it negative.
uiy we ran have loops of conducting wire mimicking magnetic plasma. It wll have the following

on:
1--%- here = magnetic plasma resonance &6.3.

Figure 21.3

n &< »mp tlie we liavp fi in negative.
t al luring Ag and TiO? layers on glass substrate synthesized negative refraction let»,

both * - -1 and /I- -1

result* in n~ 2y/(pc) . When 1 - -1 and Ui~ -1 then n - <>/("m)
«the characteristic impedance Z - vCi/f) “ 20 ~b** «pace characteristic impedance,

refnip at tlie interface blthe lent tliere is no reflection and trammiHskin is 100%.

it in taken flat with a thickness ‘d\

negative refraction index restore* the plume of the propagating wave* and also the
pnt wave*. The device ionises liglit timed to the surface plasma frequency of siher §pJ1 *

the rrfisttw kases. Here both propagation wave and evanescent waw* contribute t.° [*TMex
rti of any feattire sbr dimension. Therefc*e tliere * no piiysical obstacle to perfect mnc*virirt>,<1
ge beyond practical limitation» of apevttue and the let» wirface.

field of meta material* which is nnergin* shmm n* ho*- to engineer tlie refraction of ¥ *
=composites with nano scale stnrture so that we gn perfect taring with no diffractkm
1.
tlon 5.6.2. The diverse field of M etam aterials. hiur*
heir N«1 history, metamaterial* liave hem applied to the meet diver** areas, inchktt1¥ im 4L’

artificial optical black holes, oneTTken high-teraperaturr

w N

.YaNable for free at Owtmndons httse rnx~r” rotrtewi rniM fiiv i.u >



miptfTmndiirtor*, juat to name s W particularly karinatiuK example*.

It bn* hw i im i to fabrirate Supfr kw dmmbheri ahnw.

It bam hrm im | In Aiitnmrxh» Inrtuatry.

It haibeen im | In TH* Time Domain applkrafinrw.

It ba» hmiim iin Spmomefer*.

It bn* hmi»mi tnvMfeiky Cloak*.

In 2C1I'2, b rent TVchnokifcjes ban <inplop*H Resonant Antenna*.

In 2¥113. MIT ttriHmi pln*«mir crystal* for making mrtamarrrtala.

Bnein* C«Ttpany lia* developed the method far fahriratin* dmromngneHr material*.

In 2<)M, hrent Technologies ha* fabricated Miniature antennae haasd nr ncRaiivr pewrmittivitiea.
Boeing Company ha» devpioped Meramaterial aranrang, len* antenna system and metimria.



CHAPTER 2. CHAPTER 5. SECTION 56. METALLU TERIALS.

AvailUhw* (ry ft» at (Ymnmfaws

httpe mx-or*. mnt«wt fd lIfilfift.14>

Chapter 22
Chapter 7. Magnetic Materials.’

Chapter 7. Magnetic M aterial*.

|ATlthe FIGURES are at th* and of the Chapter)

HISTORY: Tin» most popular legend Accounting far thr disnnvery of magnets is that of Anelderly Cnynn
stieplierd named Magnes. legend has it tliat Magne* was lierdtag hi* sbeep in an area of Northem Greece
called Magnesia. about 4,000 years ago. Suddenly both, th* nail* In hi* shoes and th* m*tal tip of hi* staff
berame firmly stuck to tw* large, hlartc rock on winch he wa* «Handing. To find tli* nrairre bl attractinn
h* dug up th* Earth to find lodmtone* (load - lead or attrart). Lodesrones contain magn*tite, a natural
magnetic material Fe304. Thi* type of rock wa* suhapqgimtly nam*d magnetite. after *it}s*r Magnesia or
Magne* himself.

Earliest disrmery: The earliest disrtnery of the properties of lodeetone wa* *ith*r hy th* Greek* <»
Chinese. Sneies of magnetum dale hark to the first centtey B.C in the writings of Lirrrtitts and Pliny tlie
Elder 277fl AD Roman). Pliny wmt* ofa hill near the river Indii* that wa* mark entirely of a stone that
attracted Iron. He mentioned the magical powers of magnetite in his writinjp. FeW many jears fallowing its
disrowry. magnetite was surrounded in superstition and was considered to possess magical powers, such a*
the ability* to heal th* sick, frirfiten away evil spirits and attrart and dtantve ships made of iron!

The flint paper on Magnetism. fVregrim* L Gilbert Ppter Peregrino* is credited with the first attempt
to separate fsrt from superstition In 1209. Peregrinte wrote a 1 ter desrrihing everything that was known,
at tluit time, about magnetite. It Is said that he did this while standing guard outside tlie wal* of Lim a
whirli was under siege. W hile people were starving to death inside th* walls, Peter Petegrmu* was outside
writing one of th* first ’scientific’ reports and one tliat was to have a vast impact on the world.

Earth Is a hugp Magnet: However, significant profpeas was made only writh tlie experiments of William
Gilbert in 1600 in the understanding of magnetism. It wss Gibert who fintt realised that the Earth was a
giant magnet and that magnets could h* made by heating wrought iron. He also discovered that heating
resulted in thr km of induced magnetism.

Interrelationship between Electricify and Magnetiwn: In 1820Man*Christian Oersted (1777-1831 Danisli)
drmnnstrated that magnetuvn was related to electririty by bringing a wire carrying an elertric current close
to a magnetic mmpnss wlarh caused a deflection of the compass needle. It is now known that whenever
current flows there will be an associated magnetic field in th* surrounding space, of more generally that the
momnem of any riiargpd particle will produce a magnetic field.

Birth of Electromagnetic Field: Eventually it wa* late* Clerk Maxwell (1831-1879 ScottW i) who estab-
Wied beynnrt doubt tix* inter-relationships hetween elertrtcity and magnetism and promulgated a series of
deceptively simple equations that are the hasis <i electromagnetic theory today. What is more remarkahle is
that Maxwell developed his ideas In 18G2 more than thirty yeses hefare J. Thomson dtsromed the eiertmn
in 1897, the particle that is so fundamental to the current understanding of both electricity and magnetism.

The term magnetism was thus comed to explain the phenomenon whereby lodn*cnes attracted iron.

*Tbls h «afebW x /mr™mmntefrt mvtfiBB/1.1/*.
Availahw* (nr fir+ m GamaXdT™ @httpe// nw ny, cnnte'm m il 1«U1/1.14>
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CHAPTER 22. CHAPTER 7. MAGNETIC MATERIALS.

hundred? blyean at remarrh we nNot only know the attractivr and repulsive nature of magnetic,
rlpn*And MIR scan* in the field of medicine, computer* chipR, teievmon And telephone U
nd e\en timt certain hinto. butterflies and other inserts have a magnetic sense bldirection
gnetk* Circuit - an analog of Electric Circuit.

i an electric circuit , voltage (V) drives current (A) tlirough the electrical circuit reristano- R

wherepisresistivity 1- em.LIslength of thtcircuit incm and Aisthe cross
yjV otts)

sectional area tnecmland I(Amp) = R (ohms)

Figure 221

logout fashion. transfccmerH core it a magnetic d m iit wliere MagnetoMotjw Fnrre in Amp-

rives magnetic flux in Weber overcoming the reluctance of tlie magnetic core where Reluctance
bl KArk

Als the cross
mal area of the magnetic path which in this case is the cross
nlaria of the transformer core and Lis the length o f the magnetic path and

Figure 22.2

netic flux in Webery m MMF(AT)

Figure 22.3

ereSi circuital Law:

ia Ampere (1775-1836) gave the Ampere Circuital Law.
liest frrm it is stared jvc

Mailahfe lor frw at CoimnioiM http:. mx-nrg cort*nt rrillfiis./1.14:>



W2ur =I(current enclosed by the circumference o f the circle) 73.

Figure 22.4

Jam*» CVrk Maxwell (1831-1879) * « « i it a* fokm-s:

v X § = ptj(electronic current) + — (Displacement current) 74.

Figure 22.1

(7.4) o Differential Form. In Intejpal form it in vm follow*:

fB.dl wy! (total electronic Current enclosed within the line Integral path) +

Figure 226

~ x A(total area enclosed within the line integral path) 75.

Figure 22.7

7N. F~rtday'n Law ofelectrom agnetic induction.

Whenever the magnetic ftux Knloed with a doaed conducting m il rhangre, an f.m i in induced which
<e** g eridv current to fkw through the rail. Tlie dirertkm bleddy current 1 mich as to create a magnetk*

polarity wfafch oppoHes the caiweof electro-magnetic inductkm.

If a North Pole apptsHm* the ckwpd coil then eddy nirra* will make the near face of the cob North
Pnlir no tliat the approaching Pole in oppotied and if North Pnip bl receding then near lure will act a* South

an an to attract tlie periling Pole.
Mathematically it In:

AwviUhP* hr ft» at Connexion* http:/ /cnxwg, COMEHE m il MWI/1.14>



CHAPTER 2. CHAPTER 7. MAGNETIC MATER1\I\

(indeed electro - motive force) m-N d—%‘
- -(retr of change of total magnetic ftux linkage) 7£.
Figure 23.8
1 tifitttd it w fallows:
dB
f 7.7
dt
Figure 22.9
inicoan! form w 74 follow*:
dl - n
dt
Figure 22.10

mrents Force and Left Hand Rule.

nt in fir mAjptfHic field , held traaevewp to the magnetic fHd. w ill experience n inwiiarocal farce
| perpendicuUr direction. Thkt werbawcn! fnrcr i* known M Lnmitz Force,

te KtHtetiwtit of Lotentz Force b 1 foiows.

(Ntwtons) ~q(B \v KB) 70.

Figure 22.11

Available far fne at Coimexlona http://CTUS roTnbl Col11615/1.14>



The fii*t p*rt on R.H.S. is thp efectro-ntatic fom* and necnnd in the magnrtontabc finrce on L]
efectn.n. JJ. Thomson i*ed thin equation to determine g m of an electron in Cathode Raj- Expa**.
He hulAired the electric Inrce And magnetic Inrre and obtAined w 0 deflection of the election benin *)y
CRO nrreen.

A line ofcurrent | Amperesoflength L(m )in lield in M w etie Field nfB TMa wliere | AndBare ti*,~
to each ofirr then there in a force f (newtrtw) acting on the Ine of current Along the third perpe**,
jfcertion. If Current in hi tlie direction of M|i)ddle fingpr And Magnetic Field in in the direction tf~
Iflin£*i tien the Lotentr fntre in In 11# direction of the Tbujm#> an Nhown in Figure 7.2.

Thin Krce F(Newtons) B.lLL It inthin Inrce which ca»*e* an armature ofa motor to rotAte.

Two parallel Mrew carrying | ampeien each will experience a magnet«*«tatic kirre of attracting
|p m il friw* Areln tlie saTe direction And experience a nuw **o*tatic repulaion force If they Are in
direction.

Poumr 2212

7.5. Right Hand Pnim Itnit

Thin role letn \* determine the polarity of a solenoid or a coll of ninent. If the finger* of nuysk
claspnthe nnlewed n in the dim tkn of the cuncnt flow an slitwn in Figure 7/1 then mAgnetrfrjfrie
will he in tlie directkti of the thi*nh.

North Pole ofthe Solenoid in the end from where magnetic ftnc linen come out. The end where 1L
the snlennfd In defined ns South M e.

7A. Magnetic Material*.

The material* which are spontAneously magnetb*d or have a susceptibility to magnetbatmT a ff~ d
to an magnetic materials. Tlie)* are classified as:

LFrmmagnetic- nprsitanennaly magnetized and liave strcmg, positive wwreptihility to magnr*,*.
Rfiom agnetir material luw heen demonntrated in Figure 7.4. Up to a tem perate knrwn an O*-*»-
peratun . In thin ca*p IOfiOK, spcvtfanem* magnetbation in maintained an shown In the upper put the
Nure but tNe aelfalignment Ci the dipole* g** dm ptrri due to thermal fluctuation* about LL|

ii. Paramagnetic material*: thene have no spontaneous magnetbation and have weak, ponitiw
bility to magnethatkn. An shown in Figure 71, there in no npontanenu* magnetbation b it appbrki nf
Magnetu Field doe* caiffp a weak magnetbation

it.Diamagnetic materials: these have no *pontaneous magnetbation and they wrar awny
of magnetic field and have a negative, weak s inreptihility to magnetization Diamagnrt*m i* thfp™ty
of an object which caiwes it to create a magnetic field7 in oppoaition to an externally applied m apfrfrkt
this canning a tepubive eflect. Specifically, an external magnetic field caune* eddy current* in art,ray
that according to Lenz’s tew9 , thin oppoaw the external field. DIAmAgnets are materials with
relative permeability4 less than 1

Consequently, diamagnetism ina Inrm of magnetbwn’ that in only exhibited hy a nibntance in th™"ce
of an externally Applied magnetic field. It is generally quite a weak effect in moat mAteriAl. *hnngh
nipem inductors* exhibit a strong effrct.

*WtHK /zww/~wHiip*diau»ni/wfki/Mailin*aif—#wd

<https; /www.wf)ilp«d~org/w<ki/1
www.wWpnrhbrtr* ‘wtVi Atagn*ir_p*niwnhnity

mhttp:  www.wilrtpMti®orii wivl

Yrpc/ Wiwwwniipedkoy™m WiVI/8mmm T iiftor

Available «nr bl* at Connexion* Janxs%/ca***/a/\LLUb/\14>



CHAPTER 22. CHAPTER 7. MAGNETIC MATERIALS

ir materials ou ik lines cf magnetic flux7tonirvp away bom the material, and superoond\wi<*.
lem completely (except for a VITY thin Iayer at the surface)-

7.6. a comparative study of diamagnefir and paramagnetic material ban been mark-, bi
there are atomic magnetic dipole* but randomly arranged and application of magnets field
| to result in a weak magnetization. But in diamagnetic material* tliere are noatomic magnetun
*grt induced by the application ofexternal magnetic field but opponed to the external magnetk
ance with Lenz’s Law.

1.7. we «how tlie magnetization curve with respect externally magnetic field.

rO wr Aow the temperature sensitivity bl Ferromagnetic and paramagnetic materials.

B = ukKH + =/*# + Jo**# = VM tk& r*foT9\XL = xf + VWwXm
Figure 22.13

relative pemeability) » 14+ 1+ 7.10
Figure 2214

lging the terms we gpt:

Mr-1

Figure 22.15

1. the magnetic susceptibilities of paramagnetic and diamagnetic materials are gjven.

re 7.8it is evident Ferrr*nagnets liave liigh positive sinoeptihifity right up to Curie Tem perature
irie Temperature sivreptihiUty drastically Wifi- W hite as Paramagnetic material lias a grarfc*!
my lor temperatures .««repftftiilUty is high and it gradually fells with ri*e in tem perature.
.0.1. C'im iflcatio» af Fm am iKncte.

mt* liave further mh-dtmm namely Ferrimagnetic Materials and Anti-fernmagnetic Material*-

\wirtpartta.ot i Awd/Vb] [rwtir_fluir

Available fnr frw at Connexions http:. mx-or*. content roll 161y 1.14»



................ Body central left directed dipiie m»*nent

In Figure 7.9 Chromium BCC crystal *t nit Cell M shown. negatkm math* Into sm> Magnetic
towgated ~ the rtf* directed Hipofc® moment of 8 corner *«"**  fo thp 1T Cefl.
Mrtw-nt beoaise each of the 8 mmer at.sn* make 1/8 cortnim t*» Tonperature it is Para-
Manganese OxMe in antHenomagnetir lielow NfH T1-m prratitf*’ N

magnetic. h Figure 7.10, H Neshewn below NeH Temperature. ~ * (3.x)Ba<x)Cu04| were fmmd to exhibit

In 19W, >#&) temperature Lantlianite Barium CopperChcM* U”HJper OxkVOTfcdOdOG) Supem*»duc-
«peroinducthitv at 30K sU*vn in Figure 7.11. Y lttrium rnrxan than liquid Nitrogen Temperature,
ton were disnsered whir*, exhibited superconductivity at 41K *  *nri-frrromagnnic ortVr. Thin led to a
b all tMWP layered compounds H wa* hm rl tliat Cu02 plan» I>-nlP>HmIv Superconductors. A drtailed

fhirrv tif activities in Cu02 based O ratnic* fcr developing H** jn chapter 8.

*XY»unt of the quest far Rotm Tpmpetatun- Superconductor material* are shown. Here
In Figure 712 the dipole alignmerit* in Ferro, Ferri and Ant»

To refpw to Curie TWnperafur* *nd T n refer* to n ..1 TempeTati A N Temper*uie, Ferromagnrtir
Curie Ttanperature refers to Ferromagnetic M aterials only.

Material* loam Its spontaneous magnetbation. , "mppratme, the material* retain their
In Ferrimagnetic and Anti-Fem*nagnetic materials bekiw N>H Tnnprflure they become

Rrrim atfietiam <r Antif*™magneti*m ** tlie case may be. N

Framagnetk\ Tliermal fluctuation* <t*urhs tlie order. N fm p magnetic materials.
Table 7.2. giws tlie NeH Temperature and Curie Tem peratu® Anti-Ferrom agnetic M aterials

Tahir 7.2.Neel Temperature far some inn>orta*it Ferr
and Curl# Tem peratures for Ferromagnetic M aterial*.

CURIE TEMP.
FTJBIL ANTI-FFRRO NEEL TEMP.

1WK
MnO 116K Fp
140K

cr 308K C= @
XFeiTA 307K NP

C.adiileniim 292
CeO 291K 0
NiO 320K MnBi

Fre)3 948

P pO PMKX3 858

Tbble 2X1

. CR5L F&I;ce, the transition elements and which liave
As ta evirtwit fmm the Table 7.14 , Fp, Co and Ni which

imcnmpfttsated spin electron* are strongly Ferromagnetic M ated

Section 7.6.2. Domains and Ifyatereei*. _ r ~  (“magnetic material* also tlifte
Lilr FVOycrvstab or libp FmieW-rtric material*, in direction and all dipole* in each ditnain
an*domains of magnetbation. Earti remain has its own aHgnm anmain X 8)OwWnh in Figure 7.13.
are aligned but tlie direction of alignment rtiangrw from gradually change. T b * tliere is

As wr mowe from one domain to another, orientation c* tlie
N0 abrupt changes across thp domain wails as aliown in Figure 7 - ™ the expense of unfavourable dcsnains

When external magnetic field i* applied, favourable h pxtemal field lemons. This is an exart
assliown In Figure 7.17. Finally at high fields a domain aligner!
analog of the dectric poling of Ferroelectric m aterial. v stei*s* Loop. Blue la thr initial magneti-
Figire 7.18 givps B -1 nirv* ofa #m>magnet. Red Is the tty "~ » ' magnetic fWd required to
ration. B» » the rmuiaiKe Magnetic Flux Dereaty at F < NC
oneplrtHy drmagnetbe the material. __fcr*ly Snear in param affvtic and in diamag-
As is evidsnt from figure 7.19 induced magnetbation * |«tter hm a hystetesto loop,

netir material b it is non-linear in frrm ferromagnetic m ateiw ?**

AvaiUh*e«nrfr»*t Conn**ion* <entT>://<Tr*eor*e«/<WTt#f1 00,1 1



CHAPTER 21 CHAPTER 7. MAGNETIC MATERIALS.

gure 7.3. Right Hand Palm Rule. Right hand fingers
asp the solenoid in the direction of the current flow

id right thumb Indicates the direction of magnetic
IX.

Figure 22.16

Available Inr free al Connexion* <http://cnx”~w*/ronfa*/coll 1615/1.14>
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1000K Only above Cud# Temperature mat alignment gat disrupted

Figure 2X17
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CHAPTER 22. CHAPTER 7. MAGNETIC MATERIAIS

Magnetic field strength. H

7. Ltatar Magncrtzartoa C im t for Paramagarttc MittrtemrrLpcmeabl/io >1),
Varuam (iriprraeaMMfT - 1) aad diaaaiaeftr MatrrtaMrH pfiiraMNn <lI).

Ffcure 2X20

AvaiUtiU- Ifir fre* ai Cinirnunnna < /pnHW 19bl 4>






CHAPTER 22. CHAPTER 7. MAGNETIC MATERIALS.

bie 7] Room-T*mp«r*tur* M apetk Sutc«ptiMMei for DU mijnttk and
RUt Mgy 5y M Yole

Diamagnetic* fommagmeiia

Susceptibility Susceptibility

_ xm {volume) ) X (volume)

aterial (ST unilog) Material (S omits)
luminum oxide -141 x 10* Aluminum 207 x 10'5
apper -0% x105 Chromium 313 x 10 4
old -344 x 105 Chromium chloride 131 x nNr*
cfcury -283 x 1r* Manganese sulfate 370x HT'
lkon -041 x 105 Molybdenum 119x 104
ver -138 x 10-* Sodium 848 x 10-*
xlium chloride -141 x 10-5 Titanium 181 x 10 4
inc —156 x 10-5 Zirconium 109 x 10 4

Figure 2222

Available fror fr** at Connexion* httpe/ cm.oTR, content.-mil 161V'1.14>



Figure 7.0. Anti-Ferrpmagnetk Material.

Figure 212&

Available kn frw X Tnnnnkm <hftp:/ A"WR/content/crlimiR/

<1 14N
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© (D "~ © ©

C @O

©O @O @O ©

[0 O

02

Figure 7.10.Ant) parallel alignment of spin
magnetic moments for Manganese Oxide
(MnO). At low tem perature. It is anti-
ferromagnetic but above Neel Temperature It
becomes paramagnetic.

Figure 22.24

Available for free at Connexion* <fcttpr/"am uff&'eontas/eai»18*S/1 .lm>



Figure 7.11. Crystal structure of La2Cu04. The
Cu02 planes exhibit anti-ferromagnetic order.
Red balls are Cu(2+)

Blue balls are 0(2-)

Green balls are La(3+).

GS -NI1»*-4rTcn«rk’«avlvj/anl1161r4 |.H >



CHAPTER 22. CHAPTER T. MAGNETIC UATEBIAIN.

L1

ferro- ferri- antiferro-
magnetism magnetism magnetism
for T< Tc for T<T,y
irromagnetism ferri- and antiferro-
res free electrons magnetism can also occur
i conduction band in insulators
metals and
metals :
metal-oxides

7.12. Mustration of magnetic dipole alignments In
igntOc materials, in FerMmagneOc materials and antiferro-
dc materials.

Figure 22.26

Available Inr W at Cnnnevlona <Httpe//rnxnru, Ctmitm.ro Il 18U1/1.14 >
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Oo O O

2' Fe2+ Fe3+ Fe3+
(Octahedral) (Octahedral) (Tetrahedral)

Figure 7.13. Introduction of Magnetic lons transforms a pure
Ferromagnetic into Ferrimagnetic material. Above Curie
Temperature It becomes Paramagnetic.

Ffcurr 2227

Available fnr fm* at Connexion* roll 1615/1.14>
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ittic »u»ip tib ility Xm

2 3 4 5 ¢ t 9 10 1 UM 1B 1B 17 It

1
=

ad value«given tOrate mperature o f»X) K

Ba La

Ta W Re Ot Ir Pt Au Hf TI Pb Bi Po At R
67 63

s B % 15 264 <A % 3B -16 13

Be incase % jwrromegneoc meitnara: samrauon B C N O F (Sltl
1 polartz*tion 16 <2 f-6) 4.0
Mt Al P s a Ar
2l B84 B 2 (24,
Cd X Ti V Cf Ma Fe Ni Cu Zn Oa Ge A* St Bt Kkl
2L 264 111 313 267 121 -16 176 061 97 12 21 73 54 -IS -16 (16)
* Y Zr Nb Mo Tc Rn Rh Pd Af Cd In b Te 1
361221@236].19373%1707]3—25]9822.4-6724 2 (=24)
Hf
71

numbers afthout() 104
nurobet* uilh 0 Iff*

***¢ M4 Migwlc FropefSweredeWmHwdbythepoH”ioimeeiemwitioewFwiodk TWa

AaTtapgek ferromajmenc

Figure 22.28
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One domain | Another domain

Domain wall

Figure 7.15.Domains in Ferromagnetic/Ferrimagnetic
materials.Within each domain all the dipoles are aligned
but direction of alignment changes from domain to

domain.

Figure 22.20

Available farfiw « Connexion* <H»tp://cnx"rK/cnwtent/cn, 11«1/1/1-14>
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Domain
wall
Figure 7.16. Gradual change in dipole orientation
across a domain wall.

Pfeur* 22.30

Nb«MaMr inr fr*» at Connrrimw - http:/ cnv.m*. content m il 115/1.14-»



Magpnetic field strength, H

Figure 7.17. Growth of a principal domain at the expense of 0&V. b/l
domain* during induced magnetization by externally appMed

la an exact analog to domain growth In Ferrl4Dectrtc Material <unn0
Electric Poling.

%

s< &
e}
(@]
cs <0

Figur* 2X11

Availably for free at Connexion* 1letpc//cmuMK/noat*irt/miMM6/1.14>
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Pfeure 22.32

Available KW frar at Conn**Irma httpe/,Tknw, TTem «111618/'1.14>



M W *** field strength. H (A/m)
z\/% Perrome-O"*10*P«r*megn«ec and

Figure 719. BH
M a

dIAmagnetic T

22.33
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CHAPTER 23. CHAPTER 7. SECTION 7.6/1 HYSTERESIS LOOPS OF
HARD IRON AND SOFT IRON.

Namply demnnmrater! that fominagDrtMn in a result of tbe alignment of magnetic dipole mommt>

orbital angular momentum and due to «pin angular momentim.
as we will we rtmrtly that the spontaneous magnetbnl'kn ia primarily due to tlie «pin angular

rum.
=tion 7.7.1. Electron™» orbital magnetic moment and spin magnetic moment.

definition, a loop of orbiting electron ha* a dipole moment
- Loopcurrent x loop cross - sectional area - f X wrz (Am3) 71

Vigm 23.1

loop current due to circulating electron = —-~x 72

{orbital angular momentum o f electron) - Moment o f Inertia X Angular Velocity

Figure 23.3

lierefnre

LV .
,=Mr x-*m.rr 7
r

Figure 234
kihntituting (7.2) and (7J) into (7.1)

Attilahi* far frw at Cnim nion* <http:/ rnynry comtiM/rall1lu&/1.14>



Flgnrf 23.11

Magnetic Moment(p) of Orbiting Electron in anti-parallel to Orbital Angular Mniwnmm (L) *
b Figure 7.22..
Similarly:

fis» - ~ .5 where S» Spin Angular Momentum "

Figure 23.8

In a preirrm i direction nay Z-dlrerton wp have the projection of L and S (t\ Z-axbl.
We have w*n in Qtiantum Merbank* tliat :

* — — ok = _—
n X |t%lg mi Tlmm, 0,+x1,+2 +1
Figure 25.7
“ 2m. *® b " “ 4AKT9(=x 25 75.
Figure 2311
Here:

Available far frw 8l ronnnio ny - http:/ /<nxn»y cnwtewt rot! H?1.yi.14>



CHAPTER 2X CHAPTER 7. SECTtOS 7.6/1 HYSTERESIS LOOPS OF
HARD IROS ASD SOFT IRON

\t (Bohr Uagneton) - Lann K 10'**{ - 788X 0™ L 7A

Figure 23.0

Both spin and orbital angular momentum have s role to play as 4Xnm in Figure 7.23.

After detailed invrjftigatvn it wm fesind that in fprro-magnetic m aterials. span angular momentum ndber
nurbital n the main contributor to Femwnajpetvon. Tlie orhital angular momentum liave a role to play
wlien there are uncompensated spins mi in the caHe of transition elments the nrbitah have negliphb
«to play.

Fernmagnetism ornos because of coupling of unnimpensated spins In parallel direction. This coupling
ure directly and is railed DIRECT EXCHANGE COUPLING or through intermediate anion* usually

yogen mnlenile thmugh SIVER EXCHANGE.
In crystals this results in a net magnetic moments even at 300K. Thi* is purely a Pauli-Exriusion Plie-

nena and Coulmnhir Interartion phenomena.

As shown in Figttre 7.24., unnmpenaated spins of two atoms in an overlapping electron clouds have pref-
nce fnr parallel alignment (which oitfitrihutes to net magnetic moment) rather than anti-parallel aljoimmt
fiirh is sero magnetic moment). Parallel alignment comresponds to lower energy level E j because of lew
umhir repulsion and anti-parallel alignment corresponds to high* wrgy level Ei because of strongei
umbhir repulsion d ir to closer spatial prcsrimHy. So obviously the lower energy state is prefrrred hence
Te is spontanersis magnetbation in elements with uncompensated spin electron* This is ths case KK
visition Elements Im ce Fe,Co and Ni are the strongest ferromagnetic materials.

o - BEx B2 mexchange energy 7.7
Ffeure 23.10
At mom temperature:
aa» kDsoo*
Figure 2311

Hence spontaneous magnetbatkxi is hijft up to Cirie Temperature. At Curie Temperature exrhangc
oupKng is disrupted b= thermal fluctuations and material heonmfls paramagnetic.
In Table 7.7.1. ths Cnrte Temperature* of important Fmo-magnets are listed.
Tprmindwmn »fUmica! JhwOBMgaetk rw*~b+i-

Jroravi*far fiw at Connexion* <t Yormwy/Conurfdt\ LL4/114>
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Material»  Curie Temperature (K)

h 1043
Co 136ft
NL 27
[cd 293
1bM* 231

Section 7/1. Magneto-crystalline Anisotropy.

In Figure 725. Kf-B nrvp fnr a angle Iron crystal is given. M-H depends on the crystal direction. Aa
sH-n frora the Fipire 7.20. it ia thr fw int along (100) direction and hardest along [111] direction.

Section 7.9. Magnetostriction.

In Figure 720. magnetostriction ia defined. The Iron crystal okmattes along the easy X-direction but
onntrart* along the Y-direction.

Section 7.10. Giant Magneto-Reabitance umd in hard diar* of Com puters.

Giant Magneto-Res*stanoe(GMR) ia widely used in hard dlar memories bl computers. It made its mam
market debut when IBM commercialbed ita record breaking 164GB hard disc in computer market. IBM
called it SPIN VALVE bawd on electronir spin.

In 19G0, PVter GnienhergofKFA Research Institute in JuHrii, Germany, and Albert Pert ofthe Unhw ity
of Fraris-Stid aaw large resistance changr of G% and M%. in Spin Valves.

In IBM, »ang «piittering,.scientist* built trilayer GMR aa shown in Figure 727. and demonstrated a
large resistance change.

As shram in the Figure 7.27 their are two Fermmagnrtir Laver* of Co separated by non-magnetir Cu

r.

IﬂlypA ament lks» through GMR experiences a Spin Valve Hfret.

WTiat does this mean?

The tri-layer can have ita ferromagnetic layer anti-parallel or parallel.

Anti-parallel FM layers behaves like a open valve offering large resistance and parallel FM layers behave
blcr a elree valve offering small resistance.

This is better clarified by the Figiae 7.2S.

The arattering of electron depends on the spin of the conducting electron. There are two rases:

Case 1: conducting electron spin ia the same as the spin of the FM layer. This will undergo very weak
arattering. Hence low resistance.

Case 2: conducting election spin is opposite the spin of the FM layer. This will undergo very strong
arattering Hence high resistance.

Now you examine the Figure 7.28.

We liave two cases: Left Hand In parallel FM and right is anti-parallel FM . Its equivalent electrical circuit,
considering a | permutation of spins, sre given below.

It is evident that Parallel FM lias a murii kswer nwnstance and antiparallel FM offersam y high mastanee
path. We study GMR in the case when the current flows in the directkm perpendicular to the layers. The
GMR effect is exploited in magnetic field sensors and its applications range from automotive to information
atorage technology.

In Figure 7.29. the principle of longitudinal recording ia illustrated.

Vwitahlr fr fnr a» Connexions <Http: cnxny m « « tZcullifcly 4>



CHAPTER 23. CHAPTER 7. SECTION 7A/1 HYSTERESIS LOOPS OF
HARD IRON AND SOFT IRON

Figure 7.20. Hysteresis curves of soft
magnetic material and hard magnetic
material.

Pfeur* 23.12

Available Inr fm- at Onnneuxx* * LU w//08suaw/*LL LU ZeN11LLI /114>



Figure 7.21. Experimental set-up for demonstrating
Elnstein-de Hast effect

Figure 23.13

Available far free al Cnnto kma http: cn*nrk,00n»«1/rol111615/1.14 >



frfios 7.6/1 HYSTERESIS LOOPS OF
HARD IRON AND SOFT IRON.

of the loop

M*

nent due to a loop of
Valarea A

A («1mB/rinTB14/1.14>



Mysterious: Spin moment Intuitive: Orbital moment

Figure 7.23. Contribution to masgnedc dtpoic moment due to spin on the left end
due to orbital motion on the right

Figure 23.15

antJ-paralltl tpln pair

* PauH exclusion Principle allows

anti-parallel tpma to be Inclose apattai
11 proximity but leeding to stronger
Coulombic Repulsion henct
corresponds to higher energy state 81.
Atom A Atom B

parallel tpm pair

PauH exclusion Principle does not «Now
A A dost spatial proximity between parallel

spin electrons. Infect parallel spin
K2 experience PauH Exclusion Spatial
Repulsion butm the process It
experiences lass Coulombic Repulsion
Atom A Atom B hence ltcorresponds to lower Energy
Level E2.
E1-€2*Kxchange Energy

Figure 7.24 Mustratlon of exchange Energy due to
overlapping orbitals of two adjacent Atoms A and B.

Figure 2316

Available for bl+M M nTnmM <http//cam *. content rollM IS/ 1.14>
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HARD IRON AND SOFT IRON.

Magnetizing field // (x Id4 A m'1)

P A m']

Magnetization

Applied magnetic field ynH (T)

Figurt 726. Magnetocrystalline anisotropy in tingle iron crystal

Wrut* 23.17

A\*UbK* lor fm* at Cmrnrrkww <bHpc//cn*nkkx«s*/rnl111815/1.14>
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v [010]

*[100]
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Flgur* 726 Mustrabon of M»gn#to»tncbon

F*ur«- 2311
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CHAPTER 2X CHAPTER 7. SECTfO\ 7.6/1 HYSTERESIS LOOPS OF
HARD ffiO.V AND SOFT LWOY

Magnetic (feiiuiuaciietic) uictal
Nonmagnetic metal (cpaceti
I Magnetic metal

N F
F N A
A\l
f I
T *
M
lu Co

(m)

Figure 727. Th#ttructur* of muNMayord Giant Magn«to-R*atetanc« (GMR) uaad In hard
d»»ci of a computer

Figure 23.10

HtiW* Inr fiw at Ommrim <bM|d70« ™ '« 1 aw /ailll18N.14>



BI Ri R] Rt
Figure 7.28. Parallel FM layers offer low resltance whereas

antiparallel FM layers offer high resistance path.

Figure 23.30

Available tnr frw* at Fnnnrkions <http://aan*u/15slU /1/m11161ft/1.14>
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Inpul ugnal 40 )

Quipi signal  >*/)

Magnetic medium (eg . tape)

m Velocity,n

T
Fru*e tick!
Record (write) Stonge Read (play)

7 29.The principle of kmjntudmal magnetic rccortbng on a flexible medium, e.g. magnetic tape

rfeure 23.21
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Chapter 24

Chapter 8. Superconductors.'

Chapter ft. Superconductars.|curtaey: https// supereonductors.orR history.htm -|

(Figures arc at the end ofthe Module)

SuparmnrflictorM, materials rhirt have no renstance to the flow nf elenririty, nre one of the last great
frontiers of srientific discovery. Not only have the limits efHfiereondnotivity not yi1 lieen readied, hut tlie
theories tliat explain superconductor behavior seem to he constantly >inder review. In 1911superconductivity
was first observed in memiry by Dutch pliysHst Heike KamerHngti Onnes of Leiden tMwoMy1 = When
lie cooled it to the temperature of liquid helium, 4 degree* Kelvin (-432F, -269C), H1 wristance4 suddenly
disappeared. Tlie Kelvin scale reprwents an "ahanlute” scale of temperatire. TbmL, it was necessary far
Onnes to erne within 4 degrees bl tlie coldest temperature tkat is themetical>’ sttainahle to witness the
phenomenon of superconductivity. Later, In 1915, he wm a NoM Prize in pliynm fur his research in this
area.

The next great milestone in understanding how matter behaves at extreme cold temperatures occurred in
1333. Grnnan researches Waltlier KM m ar (@above left) and Robert Orhaenfeld (above rig}it) discowmd that
a superconducting material will tepel a magnetic field (belok graphic). A magnet moving by a conductor
induces nirrents in the conductor. This is the principle on which the electric #»neratr* operates. But,
in a superconductor the induced currents exacty mimir tlie field that wrsild haw otherwise penetrated
the superconducting material - causing the magnet to be repulsed. This plienomenon is known as strong
diamagnetism and is today often referred to as the "Meissner effect” (an eponym). The Meismer effect is so
stmng that a magnet can actually be levitated7 over a superconductive material.

In subsequent decades other superconducting metals, alloys and compounds «ere discovered. In 1941
niohiunvnitrirle was found to siiperrondurt at 16 K. In 1953 vanaditim-silicon defrayed superconductive
pmpertieR at 175 K. And, in 1962 scientists at Westinghouse developed the first commercial supeminducting
wire, an alloy of niobium and titanitn (NbTi). Higlwnergy. particle-accekrator electnmagnetw made ti
copper-clad ninlium-titanium were then developed in the 190" Hat the Rutlierford-Appleton Laboratory in
the IK , and were first employed in a superconducting accelerator at the Fermilah Tetatron* in the US In
1987.

Thefirst widely-accepted theoretical understandingofsupercondirtivity was advanced in 1957 by Amer-
ican physicists John Bardeen, Leon Cooper, and lohn Schrieffer (@above). Their Thwrit* cfSuptamtnbtctivhy
became known as the BCS theory7 - derived from the fust letter of each man’s last name - and won them
a Nobel prize in 1972" . The matliematically-cnmplex BCS theory explained superconductivity at temper-

1Thin <nntew> in available online ait <htty// w [ A/TTNAW /117>,
% itp / /(wiwwnndiictoiiuwil'fcislory.htm

Http*/ www.WA4i.erfn/

4Kup: tmpT owhictonuim /Kistory.Ktm »fwiwt

*Itt]x/ ;M pM oimlimIfinuTfp TiiSofy.Mw #im k>

«fcftp: www.fhaLanv/

7fcttp:  sn|w coinliirtorMitn/termw.httn#HrS

"kttp:/ www.nnheljw /pbyafcv/laareetaa/ tfl?2

Available for Irne I Cnunetlone =http://fnx.oqi content coll WHS/1.M>
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close to absolute m 0 ftr dements* and simple afii&-s10. H<a*ever, at ligher temprt-atnre* and with
* superconductor systems, the BCS theory has sulweqilently become inadequate to fiiDjr explain ho*
onductivity in occurring.

lotlier signifies theoretical advancement came in 1962 when Brian D. Joseplwon, n graduate student
ihrkige UmVfintityn , predicted that efcrtriral nmrent would flow between 2 superconducting m aterial
wlien they are separated by a non-superconductor or insulator. His prediction wan later confimed
on him a sliare of the 1973 Nobel Prbe In Phyaics. This tunneling plienomenon is today known as
wrplumn eftprt*15and has been applied to electronic devices snrh as the SQUID ¥ , an instniment
ihle ofdetecting even the weakest magnetic fields.

fie 1980's were a decade of unrivaled discovery in the field of mipercrwKfaactivity. In 1961 Bill Little
nford University liad suggpsted the p<*sibffity bl organic (carbon-baaed) superconductor*. The first
Y theoretical superconductors was miorewfilly synthesized in 1980 by Daninli researcher Klaus Beri»—
HMofthe University of Copenhagen and 3 French team members. (TM TSFhPF* had to he cooled to an
ihly cold 1.2K transition temperature (known aa T r) and subjecfced to high pressure'* to aupeimnduct
ts mere existence proved the pomibtlity of "designer" molecules - molecules fashioned to perform in a
mtable way.

*n, in 1986, a truly breakthrough diaawery was made in the field of superconductivity. Alex M iller
Jeorg Bednorr . reseairiiers at the IBM Rrsearrh Laboratory in Ruscliikon, Switzerland. creRted N
»ceramic compound that supercondurted at the highest temperattue then known: 30 K. What made
iscoverv an remarkable was that ceramic* are normally insulator*. They don’t conduct electricity well
. So, researriiers liari not considered them as pnwoble high-temperature superconductor candidates,
anthanum. Barium. Copper and Oxygen compound that M uier and Bednnrr syntharfzed. behaved
srt-as-yet-understood way. (Original article printed in Zeitsrtirtt fur Physik Condensed Matter, April
J*= The diartwery of thia first of the superconducting copperuykkka (niprates) won the 2 men a Nobel
the following year. It was later found that tiny amounts (if this material were actually superconducting
K, due to a «nail amount of lead tuning been added aa a calibration standard - making the discovery
more notewnrtily.

Miiller and Bednnrz' discovery triggered a flurry of activity in the field of superconductivity. Re-
her* around the twrld began "cooking” up ceramics of every imaginable onmhination in a quest lur
T and higher Tc™*. b January of 1987 a research team at the University of Alahama-HuntsviBe suhsti-
I'Yttrium for lanthanum in the Muller and Bednor7 molecule aad achieved an incredible 92 K Tc. For
irst ime a material (today referred to aa YBCO) had been found that would superconduct at temper-
's wanner than liquid nitrogen - a commonly available coolant. Additional milestones have since been
red using exotic - and often toxic - elements in the base percatddte7 ceramic. The current class (or
em") of ceramic supercmductors with the highest transition temperatures are the mem triooiprates.
first synthesis of one of thesp compounds was achieved in 1993 at the University of Colorado and by
eam of A. Schilling. M. Cantoni, /1. D. Cuo, and H. R. Ott of Zurich. Switzerland. The trarld reenrd Tc
18K ia now held by a thallum-doped, memiric-cuprate comprised of tlie elements Mercury, Thallium,
um. Calcium. Copper and Oxygen. The TV of this ceramic si™ieronnductor¥ was confimed by Dr.
Goldfarh at the National Institute of Standards and Technology-Colnrado in February of 1994. Under
une pressure it* Tf can be coaxed up even higher - approximately 25 to 30 degrees more at 30100
woplieres.

Tbe first company to capitalbe on higlrtemperature superconductor was lllinois Superconductor

Sipe/ supWOSHIKtinuirg, t=—athfTh

«p/ *ip[’)\rrrinrﬁimnuir';!gllypezmrmﬂh\/b
«p: Wwwxamaruk
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K »ipefiawwtirimwu=>m,>*»ory| i* K
Titp: «prrmnrtirtonuwg tw*ukiié#pmenin»
Mtpy aPENWIIiK ti*w *jifr*lw iiihtm
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(today knaurns as BCO Internationalld ), farmed in 1980. Thw amalgam of aneTTeT*. private-thdtwtrv
md aradptnir intprests introduced n depth spnror fir mpdiral equipment that was able to operate at liquid
ratrogm temperatures (~ 77K).

In recent years, many discoveries regarding thr novel nature of superconductivity have hem made. In
1097 respairfcrrs found that at a temperature very near ahaolirte rero an alloy offluid and indium wan both a
superconductor and a natural magnet. Conventkmal wisdtm lield that a material with Midi properties muirf
nr* eXist! Sinre then, over a half-drapn such compound”0 have been found. Recent >eai* have also seen
the discovery of the first higli-tetnperature superconductor that does NOT contain any copper2l (2000). and
the first all-metal perovskite superconductor22 (2001).

Also in 2001 a material that hud been sitting on laboratory shelves for decade* was found to be an
extraordinary new superconductor. Japanese researrbers measured the transition temperature of magnesium
diboride at 30 Kelvin -far above the trighest Tc ofany of the elemental2 or binary alloy34 niperconductrs.
W hile 39K is stiD well below the Tc*fc of tlie "warn” ceramic superconductors2* . subsequent refinements
in the way M gfc * fabricated bI**» paved thp way fnr its use in indtwtria) applrations. Laboratory testing
has finund MgB? will outperform* NbTi and Nb*Sn wires in Itigli magnetic field applications like M RP7 .

Though a the«y to explain high-temperature superconductivity still eludes modem science, Hues
occasionally appear that mntribute to our understanding of the exotic nature of this phenomenon. In 2005,
far example, Supermnductots.ORG discovered tliat increasing tlie weight ratios ofalternating planes within
the layered penwskhes can often Increase Tc significantly2: . Tliis lias led to tbe dbrovery of more tlian 70
new high-temperature superconductor*® , including a candidate far a new world record*1.

The most recent “fam ily" of snpercmductors to he discovered is the "pnjctkW . Tliese imn-hased
superconductor* were first obsprved hy a group of Japanese researchers in 2006. Like the high-Tc copper-
nxides, the exart mechanism that facilitates superconductivity in them is a mystery. However, with Tc’s
over oflK*1, a great deal of excittment lias resulted from tlieir disrrarry.

Rm eairliers do agree on one thing: discovery in the field of Mipercondnctivity is as much sprendipitv
as it is science.

Section 8.1.Meienner Effect in Superconductors.

As the temperature falls befcar a critical temperature tliere is phase change and the metal under consid-
eration becomes super-conductor as alram in Figure 8.1. In normal metal no such sudden drop in resistance
is observed or measured.

In Figure 8.2. a long cylindrical YBCO bar is sliown kept in an external magnetic field. Below critical
temperanne, aa the metal becomes superconductor it becomes strongly diamagnetic. In prespnee of an
external magnetic field, strong eddy currents are apt up witliin tlie body whidi in accordance with Lenr's
law completely excludes the external magnetic field from tlie interior of the body as shown in Figure 8-2h.
As the metal retums to normal condition above tlie critical temperature, external magnetic field passes
through the body but causes no induced magnetization as shown in Figure 8-2a.

Table 8.1. tabulates some well known superconductors and some recently discovered high temperature
ceramics of mparate variety. The record ligh critical temperature to date is loJK. It also tabulates the
critical magnetic field above whidi superconductivity grts lolled. Fnr ceramic YBCO type superconductors
abn there is a critical Magnetic Field Hc-j and Ho but it has not been ahmm in the Table.
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ion 6.2. BCS theory of Supercondurtivky.
157, John Bbnfcpn, Lemn Coopfr and Jolm Srhrifler pmpoaeri tbr rnnpfr pair theory. Accordm*
henry electron* are Ferminrw and real pftrtirkw with J* (Spin Angular Momentum)- +(1/2) henrr

lie to phntan and delert mattering reuniting in mvtttve m»tab.
w temperature Win, efcctrorvi couple to form virtual partirk*» with Js ~ 0. Theneare Bnnw which
ial particle* and hm rr nnt jwereptibie to photon and defrrt «raftering, Thn lead* to audrlen drop

ance M ahown In Figiwe 11.
thenry came to he known a* BCS Thnwy.
Theory predict* iantope effort in the Inflowing manner

5TC» Constant  kmrwif » molar massof the Isotope 81

FS*iir« 241

s equation perdict* that for lighter biotope* aiper-cnodirtivity can he maintained till higher temper-

S Theory predict® a critical Magnetr Field aim. External llajp etir Field» greater than Be (the
magnetic fhnt denaity) late the niperrandtrtivTty phaae al the ghrn metal.
S theory ia utrirth for metala. It onmpilrtel)- faite to explain the auperconductivity in Cnparate

in.

WlahW tw fw atOmdrlom <httpE//cmi*/finMM Zc«I1tlIR/t.14>



Table 81 CH tkjl T«mp«raturts Mid M »|n«tic Muxm for Silictid

Critical Temperature Critical Magnetic Flux
M aterial Tdk) Density H( iieilaf
tlement*»

Tunptcn 0.02 0.0001
Titanium 0.40 0.0056
Aluminum 118 00105

Tin 372 0.0305
Mcrcur* (a) 415 00411

Lead 719 OOHO3

C(impound* and ABoys*

Nb-Ti alkn 102 12

NH-Zr alkn 108 1
PhMcvs. 140 45

V»Ga \b3 2

NbiSn 1KJ 2

NbiAl K.9 32

NbiGe 2300 30

i rramic Compound*

YBajCuiOr 92

BiiSriCa.tCuiO ,* 110

TkBa;Ca;CuiO |« 125 —
HfBajCajC u-(x 153 —

' The critical magnetic (lux density ) for the element* wa* aieawred at

OK. For alkn* and compound*. the dux t* taken as /<«//<< (in tc*b*). mea*urel]
aloK.

Sourer: Adapted with permiiMon (rum Ma*rwt\ atLo* temperatures. R. P.
Reed and A. F. (lark (Editors). American Society few M ctak Metal* Park.
on \m.

Figurp 24.2
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Temperature (K)

Figure 24.3
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Figure 8 2. A superconductor bar It kept In an external magnetic Held Whan me
temperature of the bar It below Tc. the field Unet are undisturbed and past
normally through the metallic cylinder. Butat toon at K1t cooled below Tc, R
abruptly txeludes the external field at shown m (b). This drastic exclusion It
beceute of etrong eddy currents tat up m the cylinder. Thete eddy currentt In
accordance with LENTt Law oppote the exrtm al field and hence txclude Nfrom
the Interior.

Figur* 24.4
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