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LRy Lnnernd Lntroduchion

lutpeSp-yt iy Fhasing

axgelnive rescarch devobted to tho whysics of semicoine
dnebors bas Lod to o wors complote widerstanding of the physics
ol solids A goueras.  The sesmicouducting propertles of the
olament s ol the Tourth raroup off the porieodic system germanium
aiwt alldeon luive boon e object of intansive soudy since the
ald=Povodos wnd this resultod in discovory of the trallsistor.
2L shondd wr renouboved hwwever Hhat the #irst observablon

o negptlve Seaperature coedliclent of rosistance, o recop-
wisanke surilcoliobor propeety, was wde on o LV L compounc
REpd oy Foavadny 1039, Sinee dhen 4t wus realized tihab

B Ly componuds such as dal wid the T-dID compownnds

sl s wnl wden bospons senlcondunebing properities,  Thus

P ks Lo e nobod St thao D05 =V compounds which ilaxve now
WiCuL b di imllorv'i::,uﬁ:{“-z fo sliicol are rolatively NeWComors
e vt Blwls sewleonduc by properties were predictoed on

. a . noe T Ly ' \ R T e [ ER Iy iy " "1.
B bapike ol blw peviodie table by Welker ws recently as 1954,

Who o LLD=V coruouinds ;[n:,ji‘ﬂj ad U“-:ZHQB: WlOSE PYrePATam
Pion wd o rtics avo Ghie ovbject o study i thils thesls,
Leave Loon goisulorad boe be dngermediate botween tac TIT-¥
and Tied T soumponuds,  llovaver thers are glauddlcant d:i.i‘i"az‘f
pLgns bocanan ol bl proseuce of stolchiopebrle vuacuncie s
i bher Gobion atb-lastdce.  whly fpbue s ble so GOE;I}JOUH&S it
Gpoclad eoptrbiog sueh wo wdintion stobliity vhich ars

i 1 L N A L i A gm o
osnobolinlo Cor Shodiay applicablond An pal ticle detectors.

by



Lo 1920 Grlom and :ﬂoz;uneri‘ald“ fommlabed a rule stut-
dig, bealt all cowpownds vhiich crystallize with diaxond or
sincldonde ghructbures ure related t§ diamond, 0t onlj' in
respoet o tobruhodral coordination, but also in their
courneboristbic chemleal binding, Baeh of the electrons on

Ao pdvoen atou dorms @ covalont bond with one of the olectrons
oo nadghbouring atom. These vends having a saturated
chruactor do not contbribute vo the elockrical conductivity
aven wen the utoms lir the Lubtice are not chemicaily identiw-
col. licnee the cowmpounds exliibit semiconducting vehaviour.
s olectyle cwrrent s only possible when the bonds are
DIGENIL LY Bon ’It,;-"}ye of. defect or disturban.ce. This eun
ovela vither s o resalt ol thensal oxcitation of the
Lebbiles, ov as o result ol an incowporaved defoct which

akba ru bhe tntopral cowmbining proportious of the elsctrona?.,
Lo 19060 Loosor and 1":—3;.;1*:3011( %) Formuletsd a criterion fox

She fomagbion ol senilcondne ting bonds in a solid, known also
s bl ;Eéﬁﬁ"ﬂ ke, Phis stutes that saturated covalent
pordls oeeny when the muwber of & and p vale nce clectrons

L olomenhs o oand Ioadd apto 5.

a8 ong proceeds from the group IV elements which were
ghe virgt to ue premared as high qualiey single crystals,
Lo the UiT-v wnd Th-vT c_;mnpounds ,new proparties become
availoble Lor study wnd exploitabion.  The availabiliby of
nobarpe ruber of compounds with o wide variety of band gups

: - ‘ b . spv of NeW phenomenc
and band sbruetures enabled the d;.scovo:_. v of now phenomeia



uind also the development of novel devices depending on

lavpger and somebimes direct energy gaps.(as required fop
LEQ and hetevojunction Llasers) or high mobilitics (such as
Hall effect, photoelectromagnetic (PEE) and mmgnetoresis-
tance devices) which cannot te mude from elementary semi-
conducteors, Some completely new devices Llike tinose based
ot Ghe Gunn eifect also pecame possible. Tuch of the
vrogress hag boen made possible by significant advancss

in nwterial preparvation techniques.

TI-VI compounds yprovide u wide varisty of band FADS
ns and CdS for exumple ave large band gap semiconductors
used for their luminescent propertiss, Dub these myterzials
though studied eurlier are wore dififilcult to grow in the
form of large bigh quality crystals becauss of thely high
vapour pressure. Hany of them ocour with only one type of
conductbivity e.g. 2n3d, UdS and ingde are only n type while
snTe occurs only as p type. Hence homo junction formation
is not possible. Yurbtlwer carrier mobilitics are also low.
Host TIL-V semiconduotors o:i the other hand cun be grown
from the nielt, have high carrior mobilitiss and can ve doped
poth n-and p-type {exceptions ave large baid-gap maberials
such as AL, Gal). These proportics have given greater
te chnologiceil :i.mportz-ince o TIT-v -compomids as 4 nev group
of semiconductors with Gais, InP and GaP occupying positions

next only bo silicon.



A matural a_:-ctension in the seurch for new sémicon-
ductors is to exumine ITI~VI conpounds exhiviting diamond-
like or tetrahedral cbolﬂdiiwtiort. The IIT-vI bingvy
compounds with cation 4 = 41, Ga or In wnd anion B = 3,
Se or 'l‘e generally have one of thé two chemical rormulac
AL o Aty ¢ While the AB compounds crystallize in layer
structures, the LpBq compounds oceur in several phases

having dilferent structures as shown in Table 1.1.1.
Table 1.,1.1
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“""2 1-33 qorqpounda may be considefed %o be intermediate
bebtwaen -%&-iI-i’I amcl. III-v compounds, Their semiconducting
nature 1z maintained during meliting, in contrast to the
structurally related elements {Ge,31) and AHIBV compounds.
This is because of the substantially greater degree of iqnic
character of their clemical bonds which preserve: short

range order on melting.

The heterbpolar or ionic nature of the binding of the

compounds can be demonstrabed by studies of cleavage planes.-



whereas dianond cleaves wloag (111 plancs, the cleavapge
plane Lor the zmineblende tabtice is (110 . The differmsice
in caeavage is duo to the fuct that dianond is purely homo-
polar viereas the compounds coubadn g hetoropoiar conpouent
in the binding. When two parts ol o crystal are displaced
relavive to a (110) Latuice planc, the couwlowb repulsion

of nedghvouring Llike-charged dlous reduce tie onerpgy requir-
od Yor cleavape. On the othoer huud, tho douu ol opposito
sldes o o {111) plane always lave opposite sign und atbract

oue anothor strougly.

L RIL VX ,
doveral i, B;l compound s such ag (}:_12;53, uu,,me3,

‘“:3"‘33’ 11112'1‘03 have tetrubedras bouding. They campletory
sabisly chombical valencios .but; have cae~third oi the catlon
sites vacunt. Hotco they way ve teymed de:{:‘emt. seuieondue -
tors., Gu the averupe Ghove wure 2.00 nedghwoouring i aboms

Toy euch B aton, while each 4 ubom is surroundod by b 1B aboms.
Tetrahodpal poslbions of Lhe utows and the valence angles |
close Lo 1090 are characte ristic of chomical vonds Iored

.y [l 11 ') 13 + L]
vy electrons iu the state off sp/-hybridization.

The eleetron states ol Lrec 4 and § atows and a
possihle scheme of pond sormutlon in 1\.2133-&1*9 shown dn
fige 14144, The arrows denote conventionui direction oil
Epil‘l:‘:‘.;. daghod arrors ludicabe po:&saibl{} electron bransior;
contluvous straiy bt lines dndicate chomical bonds. Bach
frvee B atom s & valonce elo ctrons; 2 c-alectrons and

2 peolocbrons ave puired, whilo 2 other p-electrons huva
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parallel spin. The groumd: state of In valence electroas
5% '

s 8%p.

’.'Jl'lQI.l an i 2133 crystal is lormed, ‘m-b 3 aboms transfex
one eloctbiron to two i-aboms., In this v-:éty each A-abom
hos now L electrons which nay be in the $p3—k1ybridiia'bi01i
sbate and any Torm bonds with the unpaired B-electron.é.
all the B-electrons, veth paired ang Lﬁipair_ecl,are also
in tho stavte of spB-h}rbridizationf in an':i.sdlate.d atom
Lhe :31)3—-state is energetically higher tlian the pure
s-and p-states, bDond formation in a crysﬁal iower-s the
enerpgy off the ;s.y‘stein and the 3p3-states beﬁome energetica-

Liy favored,

I is naturslly expected that sueh a high (~102ﬁ" cxﬁ"a)
concewv ratlon ol stoichiometric vacancles in the lattice
will huve an offect on the physical properties of the
compound .  One exumpLo ig that the values of the carr'ier'
mobilitie s have been reported to be considerably amaller
than in the neighbouring :compounds in tho i’soelectfonié
sorie s pe cuunsd of carrier scattering oy vhose ne.utra.l _
cabion va cancies( 3) . 'i‘he pres'ence of the larpge -munbéx;
of stoichiometric vacuncies in thé lattice leads It.o a :
strong tadlling of the band edges., 1In fact the_ir absorpe )
tlon .spo cbrae did not re.jreal- a shurp fundamental absorp=
tion sdgo’ B hor did vhe reflection spectra show shaxp

roflschion poaks.



These compounds, parvbiealariy ]'.n?'r 03 und Ga?‘.’i.“(aB-
lpve roeceutly vecone ol dnterest ws radiation-stnble

semiconductors( 5_’-6} wiileh can ve wsed us hipgh cnewpy
neutron wtd gaamy radiation deteclors. This appileation
ovviously depends on the high wmaso uumbers of the cloments
resulbing Lu Ligh stopping pover and lurpe atomle displace-
mont cuerpies, 'Thedr relatively hipgh bund-paps ~1,0 o¥
coupa red wilti: thelr dsoclectronle nciphbours sach us Indb
and Gado peomit the prepavatlion off hipgh resictilvity nato-
rials vixleh can we waed as detoctors without cooling,
oFaet it has baen shown that the opbimum bund-gap for
gsonicounductor urbicle detectors is 1.0 o since this
rovides low backpround currvents waid ot the same Ling

high carpriep mu.#.'t-,:}.‘;:ﬂl.:'r.cat:'Lo:i swbilo., The high dousity of
cabion wieancies alrewdy preésent i the structure and btlo
Low activiition eneipios Jov obtomic diffugion are 1ospolisie

plo fopr thoiy hipgh radiation stubility.

Anor phiovs GaPTGB has been shown to oxbibly hopping
conduetion. lobh t-.t-In.g'j;‘OB arii anﬁuai‘ej have also abtract-
od abbontion demounstiabing vobh threshold sulbchilug and

memory eilioct i the ss:;uaplo( 148) wibh tlw poswslbility ol

fubure applicatious,

Howeveyr as tho Lollowing roviow wilil shouw the Lundo-

wonbal proportics ol 11‘12’}.‘03 L G”‘:E.”GB huve not boon subjoct



WO oacarly the game intobsive investlipnbion as bhe Ty
did EL-VE cosipounds, Uhere was coutradictory ovidonceo
about the nubure ol the pundepnp; plusuon cuerpio s were
nilLdoun aud heace calouvlabions ol high irouuency diloloc-
Lrle coastait hnd ot been curydicd out. Althouph photo-
coliduetiviby in 1112'1293 haa bean roportoed, Ghe ro was no
ndicuticon of the role of native defocts, Wvelr the varla-
vion of caryiewr aobdlity with Loumperubuwre, which provides
fundformation aubouy pewbberiny uechanisme hod net boen
oranined i devall. hose were some of the questliols thut
motivated tBle preveat iuvestipations onﬁ—-lne’i‘o.:} ard
(..'r{,L:g'l.'QB pinple creyotulo aud about wivich poms dalormatd on
2034 understanding wa soupsht,
Tk A eviow of olie Barldor yovk
'.1'.112'}.'63 i £3a12'1'0_3 are ;x{é'i'Ili‘;I

il bund-~gups approximately equal to 1.1 oy, The sign of

semdeondue bing compounds

Naull ervicet wnd thormoolectivie pover in o mInﬁ’feB and
L;-u.z'i‘a:j lidicatoed L=bype conductlon Low '-t;hn;..;:e. componndis
covraspoling, measusalent s Carricd oulb on R -‘.[112'1‘93 indie-
cuted p-~bypn conduetivity. It is worth noting that the
cubivn suelubtice off « -IMQ'L‘GB i ua2'1'03 are ordered wid
the corvesponding suwolsbbtice in ﬂ'---121:\.;_,“1'c:_:5 i disordered.
The chunpe in the sigu of the wajority curriers cousd be
due to reduction i the mobd)ity ol electrons wroiwlbing

row disovdor Lo the cution suvlattice. Tablioos 1.7Z.1 and



1.2.2 pive ab a plance tlie dmportunt yhysicul and eheulcud
peopertie s of the compouwis.
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1421 Lnddae Tediaride (?}211,;1‘.‘@3)
T T Fu
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structure

Lljn;;i‘oB s o mineblende #.c.c, sbructure with ane-

1

Shicd ol dbs cabion giten vacunt. Yhe phase diagram | Lig.

T.2,1) ol Tn-fo sysben sliows tiu b '_'Enz'l‘er, hus two phases, a
-l

ordered p-phade which transforms rever-

hiphy Gonge yature dls
) 0

shily at (017 L 10) U o Low Loumperature «-phase. {nusuky
ikl ;;iu;;uil:c:wj obiined c:c--:L'u‘,;J.‘e3 by slowly .cooling the
smaboria l whiie Uaho and blinge 1"“0) obtained the disordered
B -phaue by wuenching the wateriul Lrom the 61 ?ou. LAY
difffeaetion studies for A —-IHZTGB shoved diiffuse scabttering
al places whe rc. Lho suwporsbracture gpobs of ocniing'l‘@B are .
axpoetod, ’i‘hir:. indicubes that at the Lransformation Lenps ra—
fure o shord-rulpe ordered arvangenent of vacanciles provably
provalls wnd the cyyetul oxists dn a Mgransition! state.
The exporinmigal wd theoretical roasonings of Blerls ot
uil.“rn indicatod that the state ab the transformutlon tem-
porabure 1o wetiwsly o bransition stute, Lying votween the
sbabe s of codplete raudomisatlon of tho vacancies and thub
of Loy moce oprder uhlich is stable at low tempe_rature.. |
accowdiag Lo lliu.lm( 10} and 2:aslgwslcii( 18) R ﬁ-InzTe3 E
hus o §.C.C. cell with u, = 6,158 E- ‘The spuco group 1s

¥ T oum. The Selngle, wuperstracture has veen studisd by
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Xx-ray mubhods vy dilferent workers bub the published
‘2ol s are conbradictory. Inusuka and Sugail-:e(g] studi-
ed o oslugle crvetul of o -1'112‘1‘93 and established that it
hao w cubie f.e¢.c, cell with a = 18,40 E The parameter
ol such a unit ceoLl s approximately Bao. A pessible space
prowp is I 3m. fhe indexlug ofl the powder diagrams o
the «-Lorm on Inuguka wnd Sugaike cell had shown that for
bl tle refloctions in question, at lcust one of the hkl
lidiiees wag diviginie by ‘shree. This hus suggested to
Woeodldey et ulug) that thore wus o reduction in She symme~
by ol the ordored modificabicn cowpared with ﬁ—quTe}.

The sune powder pabitemns established two distloct unit
cells and space groups @ (1) a p.c.c. unit with a = a V2,
b= 3 ag V2 and ¢ = a,, spce group I mm 2 and (2) a tetra-
gorial b.c.c, undt with g = 3&0, C = a, and the space group T
Lo,

Phis date wes not in agreement with the vesults on

(18)

singiie crystuls by Inuzuka( 9V and sasiavekid » In
praer to vemove bhe contradictions, Voolley et ali 19)
propousd o clot:b:—n.:i.r; structure for the d-form. According to
phis hypothosis, there uve domains in the ovdered modifi-
catilon with orthorhombic or tebrabedral Bymme’_cry._ The se
doralinld are regularly orie_nted along thres mutu_ally PO pPON=-
dicular directions. The regult of spablul arrangement is '

the psewdocublc sywietry off w-Lngies.



po
: [ = . fur - N - = " .
LuaBluavolill ot al examine d e sbiructwre ol sionglo

crysbuls of mnlnz‘l‘ej oy Laue, telsseubery «nd robublon

and osciliation techniuunes. YLhe Laue difiractlon pablern
coufirmed bhe cuble syuctry odv the o =Lown or the cryubul.
e crystal ¢lass was Youwnd o o m3w, Thoe x-ray wotation
aid osclrotabion phobopraph demoustrated an f.e.e. unit

coLL with o = 16.54 jc;. The Woelssenbery phobogrash showed
that wll Lle reflocbions favted an f.c.c.lattice. Yhose
rostits cobablished the presonce ol his moddlication of o
LeCsCy GOLL with w = Buo aad space prowp ¥k 3w as detormin-

_ C
ed by quzmcu( 2) .

Thormal & Wlectrical Fropertles

The prosonce ol Luvrge aambor of stoichilometyic vacan-
cles (5.7 = 10;‘” fcrm3 eupty cublon sitoen) iu thous seuicoll-
ductors loads to disturbance of periodicity, vanishing of
potontial ;'ia.i.(i ulb ataule altos c:.iui wiiocts the physical
propertios ol the compound. Yoolley ot :J.,LH_B ) found the
thernal conducbion o the Latbice very swall, only 1.4t 0"'2
viabt/ om %L over u bomporature pange 12'.00;; Lo J-'.-()Goh, CONE T~
dowly Brulior BHuon the corresvonding Liley compounds Lor
whieh Lubbice tho vl conductivity is of tue order of 10"
'fftJ.ﬁ‘C/thl le. Mie ercetbronic coutrlbubion Ls negligible,
Yhiv ouppests tlot themul conduction is due to inttice
viprations snd ds Limited wy bho high cugmentmt;i.on ol

doicobs,
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B0 0T ul\ 2 Pound eiectron mebviiiby ab room Lempera-
sure for 3;1‘12‘1‘@3 to be unomlously gnad L, only 10~L5 e
Voseu, Bivorbs to Jdope the crystal wsing olemocubs such
W Ou, Mg, ud, oo, g, Ge, Uy, 33, 3b did nob rewult iu
any dmpurity conductlon even ab high dopant concentrations,
probably wocaunse dmpurilby wboms localised at neutral stolw
civiomebric vacancies and resnwined wnioundsed. The eleciuri-
cul conduction detormined oy duse eb ul( 3) a5 o Tuncbion
ol the Damteiby concentration and tonperature showed thot
i oopdte ox Lhe high Jdapurlty concontrations incorporated,
the conduetion protous was dobtrinosdce and thwe sealiering

ne to dlondsod Lumpurities wic of Little dnportunce.
due to lonjsod Lapurities w Llittle dmportunce

Losllsin ab ul(r ) abbelbutod thoue observitlons Lo Gtle

clgmdcally inert mature ol wnghured electron puiiy SUrrownds-
tng apariby atows Locabod ot vacancios.  Proabiin ot u,l( “2)
roiuted ks hypothcosis on bhe busls Luat wbowixsatlion of
a metat reguires an energy oif the order oif vho hoat of
avaporablion wiud i the metal avoms did aet intoruct chomnie-
caully with Goolr envivomment, the neutral stute would pe
cnerpe bically waiavonrable .  according bo this viow, btie
noGul lepurlity atons occupy stbolchilometric vacuncios,

are uob L o nenbrad state wub have w churu.ct.e.l‘isti(.‘,
vaiouey. The peoscnee of the sumo iupurity in vaviouws
charge sbateos rosuity Lo tho stabilisation of the Forml

lavel,
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Lauze ob ulU ) obbtained Ghe widbth of the band gap
ol o ~*ZI',1'1?'J.‘03 from $he plot of log 11'1‘3-/ 2 Vg, ,-1;

oquat o 1,12 5L L005 ev. They weported thut tle band

Lo be

gup during o~ Atransiovmation, fowd Ly mea purowment of
Hodl ond and eloctricad conductiviey with temporature,
digd not wderpo any obuorvable cluipe.  They also obtaine

od = Ry, = T (m, = 0.7 By, W

(25)

, ol

I and o n:,& poe

o

s ol al aber dowd that the electrical
vonductivity of 3:112'1‘03 lnevegsed disconbluvounsly by a
factor of 1Y to 20 ub bl welbilng poiat bus alove ES‘-‘;OOU
the wcbivation onerpy was appin 1.0 oV. The lavge acbivia-
tlon vueryy Lor clpcebideal conduction in the liquid stute
indlcated tlut Inz‘fo.- roug ks o sendeconductor in this
stabe. Thoe similariby betwecn the activabtlion encryies
Lov dutbrinsic condunebion la the solld aod dn the piguild
stute strougly sugesty thet there is no fundumental
chanpe W short-ranpe order and tywee of chewical vond
during welbing Lecause o the parsly lounle nuture of Inz‘l‘e_B.
Thiv dw dn goubrast with group Lv semleonductor Go wihich

wdergoes o clunpge i coovrdiuation number on melbing .

The above wm.‘lcc:r:z( 23) reported that, with increasing
tempe rubure, tho thorme-eloctric pouwcr retuined a xloagativq
sdpit the dwwe us Gt of ole cbricul couductivity, uvud
rapldly decveased L1 wagnitude and chungad Lbs sign neaw

tho we fbing point to positive (Lele comduction) . Yhe value -
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' - . . . -.6
Or Lal Ll wodjen 1.112'1‘@3 was between { RO«LOV % 10 '\j'/oig

ald dopended oily weakly on temperature.

The pressure dependence of conductivity has been
sbud led by averkin ot a‘.i.( alr) who reported thut the conduc-
Livity of polyerystulline Ing'i‘ea, showing intrinsic behs-
vioux at Lirst, decrveused with increase in pre ssure, passed
Gheough o mindmu wb prossure Pgan = 1300 kg/ em2 and then
eraased with o fuether incyeaso in hydvostatic pressure.
A% L bomporature ingereused, the value of Pﬁnin shifted
L vl airection ol bigh pressure. ‘The width of forbidden
band did not chuuge mieh due Lo prossure. The thermoelec-
brie power wag nepative corresponding to electronic conduce

Llot wnd loerouased with iuncreusing pressure. ib Yg . , the

min
thermo~onl wag %ero and with further increass in pressure
Lt chuoged sign and becwne positive,

¥

Ojbioal Fropertioy

frusoon ot al{ 25) investigated the optical pfop{ir‘cies
of owrdered and dlsorderad 1112'r83 using di.ffuse reflection
speebaea and Jounud the energy paps to be 1,12 and 1.0!@\/
rgupecbively, The encrgy gap of disordered 1112'Jt‘e3 obtained
P'ronr bransmission spocbra was 1.0% oV, ’fI‘axlsrnisshn
Koaswacient s on ordered Single erystuls gave Vglues for
the cuerpy rop Vuryihg i;I'OIIl 1,04 eV for sanples 1.36 mm

thicle 60 1.14 oV ror suaples 6.3 pm thick. The variation



with thickuess was pro bubly due to masking of the Llong
vevelongth part of the absorption edge by some disorder-
ol nterial or inpurity.

-~

The cbservation oi suze ab alb Ol [ECTO~CIySha~
lline samples showed the transition to be un lndirect
bype ylvh forbidden energy gap for o -1112’1‘63 = 1,026 &v
and  p ~InpTey = 1,020 eV. Koshkin et al'?®) nouever
showed the transition at the absorption edge to ve of
the direct allowed type with band gap value cgual to 1.11
v, |

Recontly a calculubion was carried oub by Guizzetbl

ob u.li 27) based on the emptrical pseudopotential method
whe e Ghe catlon vacawncy disorder was handled vig the
virtual crystal approximition {(VCA). | ;\,ccc_arding to this
Zlimz,"]j'-zn,3 has a dircet band gap at the [ point of the

Bril lonin #one with band gap one rgy 1.3 V.

dnant ing eb al( 28) measured photoconductivivy of
sing le cryéta’l 'In2T93 10 the temperutum range 100K-3001
and found the magnitude to decrease with temporature. A
sbudy of bruasient behaviour showed a fast decay which
hud & velaxation time %=0.7 4 sec at 100-300 % and a
slow clecay with time-constgnt ¥ varying from '?60 Lo

. o,
100 4 sec in the temperature range 120-290 'K,
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